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PREFACE 

The impressive body of metallurgical knowledge accumulated in the 
thousands of years since man has been possessed of both metals and 
curiosity has filled many handbooks. These are an essential part of the 
literature of metallurgy, and familiarity with them is an essential part 
of the metallurgist’s background. However, informative as they are 
concerning how metals behave under specific conditions, handbooks are 
remarkably unenlightening with regard both to why metals behave as 
they do, and to the principles in accordance with which their behavior 
can be controlled. Unfortunately, the essentially descriptive treatment 
of most current textbooks of physical metallurgy is little more en¬ 
lightening in these respects. 

For selection, preparation, and treatment of the common engi¬ 
neering metals in applications and environments that have become 
routine, the handbook will serve. Here, therefore, the literate designer, 
metal worker, heat treater, and mechanic actually make the metallur¬ 
gist superfluous. It is when the unexpected occurs in a supposedly 
routine application of the metals, or when longer life or better 
properties or lighter sections or lower costs or a totally new material 
arc needed that the handbook becomes inadequate, and the metallur¬ 
gist’s professional work begins. 

In attacking the complex, varied, and always new problems 
imposed upon him by modern science and industry, the metallurgist 
must rely first upon his own organized understanding of the behavior 
of metals, and second upon whatever relevant data he can discover for 
himself in the handbooks and other reference sources. His professional 
education—which ends only with his professional career—must, then, 
develop in him both a basic understanding of metal behavior, and a 
real facility in using the reference literature of metallurgy. It is to assist 
the thoughtful metallurgist in the first of these efforts, achieving a 
fundamental understanding of metal behavior, that this book has been 
written. The further efforts of learning what data have already, been 
accumulated in his special fields of interest, and of locating these data, 
are ones that he must make for himself. 

This book is an attempt to develop and to present a science of metal 
behavior as an integrated, consistent, and satisfying chain of reasoning, 

a 
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xii Preface 

extending from the familiar principles of physics and chemistry to the 
observed behavior of the industrial metals and their alloys. In pre¬ 
paring it, a real effort has been made to select and to condense the 
subject matter that was essential to such an attempt, and to exclude all 
else. Even so, in discussing a field so broad as that of metal behavior, 
an uncomfortably thick book has been produced. It has therefore been 
necessary to divide it between two less-bulky volumes, of which this is 
the first. The second. Alloy Series in Physical Metallurgy^ begins where the 
present volume ends, and considers in a systematic manner the effects 
of composition and of heat treatment upon the structures and properties 
of metals and their alloys. 

Undoubtedly, the author’s efforts in both volumes are open to 
criticism by the real scientist on the grounds of naivete, superficiality, 
and oversimplification; by the down-to-earth engineer because of com¬ 
plexity and overelaboration; and by the teacher with regard to selec¬ 
tion and organization of material. Criticism on these or any other 
grounds will be welcomed by the author, especially where errors in 
fact, reasoning, or conclusion are noted, or an improvement in material, 
presentation, or emphasis can be suggested. 

The author is, of course, responsible for the facts, reasoning, and 
conclusions here offered. He must, however, at least acknowledge his 
tremendous debt and real gratitude to the many able scientists, 
engineers, and authors, who have advanced the field of physical 
metallurgy to the position in which it is here viewed, and especially to: 

Gilbert E Doan, who encouraged the interest and guided the 
early thinking of the author in this field, and whose viewpoints 
are, of course, often reflected here. 

Daniel S. Eppelsheimer, for his interest in an early manuscript, 
and his encouragement to complete this one. 

The many authors of the Metals Handbooky whose data—par¬ 
ticularly with regard to constitutional diagrams—have been used 
freely by the author, and often in such ways that proper acknowl¬ 
edgement of it has been impossible. 

Sir H. C. Carpenter andj. M. Robertson, Charles S. Barrett, 
Frederick Seitz, Sir William Hume-Rothery, Walter Boas, A. H. 
Cottrell, G. Sachs and K. R. Van Horn. 

The published works of all of these authors are earnestly recom¬ 
mended to every serious student of the science of metals. 

Morton C. Smith 
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CHAPTER 1 


The Atom 


All substances, whether solids, liquids, or gases, are composed 
entirely of atoms whose individual properties and arrangements relative 
to each other determine completely the properties of the substance as 

a whole. 

Because of their unique significance, in establishing the behavior 
and therefore the usefulness of all material things, atoms have been the 
subject of continuing investigation since the physical tools for such 
research were first developed. As a result their structures, properties, 
and behavior are now quite thoroughly understood. Unfortunately for 
the layman (and here most scientists and engineers are laymen), much 
of the present detailed knowledge of the atom can be expressed only in 
the form of complex mathematical equations understandable only to 
the theoretical physicist. In considerably simplified form, however, a 
mental picture of atomic structures and interactions is possible for 
everyone. If not too drastically simplified with introduction of significant 
inaccuracies, such a mental picture has real usefulness in any rationali* 
zation of the behavior of metals. Accordingly, the present study of 
metals and their alloys begins with a nonmathematical discussion of the 
atom itself and with a review of some of its important physical and 
chemical characteristics. With this as background, the arrangement of 
atoms into metal crystals and of crystals into useful metallic bodies can 
then be explained systematically in later chapters. This, in turn, will 
lead finally to real understanding of the observed structures, properties, 
and behavior of the metals and alloys of modem metallurgy. 

i-i« General Stmctnre of the Atom 

An atom consists of a small mass called the nmleuSy which carries a 
positive electrostatic charge and is surrounded by a variable number of 
almost equally small, negatively charged particles called elsctrons. 

In the simplest representation of atomic structure it is assumed that 

1 
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electrons revolve around the nucleus of the atom in definite orbits to 
which they are confined by a precise balance between the kinetic 
energy of their rotation and the electrostatic attraction for them exerted 
by the nucleus. Such an atom obviously resembles a tiny solar system, 
with electrons playing the part of planets and the nucleus that of the 
sun. As in a solar system, most of the atom is empty space. The average 
diameter of an atomic nucleus is of the order of lO'^^ or lO”*^ centi¬ 
meter, and that of an electron is generally assumed to be only slightly 
larger. The average diameter of the atom as a whole is something like 
10~8 centimeter, which is about ten thousand to a hundred thousand 
times as great as either. 

Most of the mass of an atom is concentrated in its nucleus, whose 
dense structure and remarkable stability are still not completely under¬ 
stood. An atomic nucleus consists principally of one or more particles 
called protons^ each of which has the same mass and carries an identical 
positive electrostatic charge of le, where ^ is a unit of electrical quantity 
equal to 4.8 x lO'^*^ electrostatic unit or 1.6 x 10“^^ coulomb. All 
atoms of the same chemical element contain the same number of protons 
in their nuclei. Associated with these protons, however, is a variable 
number of neutrons, each having almost exactly^ the same mass as a 
proton, but no electrostatic charge. Atomic nuclei having the same 
number of protons may still contain different numbers of neutrons, 
and so may differ considerably in mass. However, since the chemical 
properties of an atom are determined entirely by its electrical nature 
and since this is unaffected by the number of uncharged neutrons 
present in its nucleus, atoms which vary in mass for this reason only 
are found to have identical chemical properties. They are therefore 
described as isotopes of the same chemical element. 

In its “fundamental” or lowest-energy condition, every atom is 
electrically neutral. There must, then, be present in its structure, a 
number of electrons (each having an electrostatic charge of — U) 
exactly equal to the number of positively charged protons present in 
its nucleus. This number, which is distinctive for each chemical element, 
is called the atomic number of the element, and is traditionally indicated 
by the letter Z. Atomic numbers vary in steps of one unit from hydrogen, 
the lightest atom (Z = I, representing 1 proton and 1 electron per 
neutral atom), to uranium (Z = 92, with 92 protons and 92 electrons) 

* The neutron is actually about 0.1% heavier than the proton. F. O. Rice and E. Teller, 
Tht SlfucXun of Matur^ New York, John Wiley Sons, Inc., 1949. 



1-2. Electrons 

and the unstable transuranium elements of still higher atomic number 
recently produced by bombardment of uranium in nuclear reactors. 

The experimentally determined atomic weight of an element, usually 
represented by the letter A, is roughly proportional to the atomic 
number but is not ordinarily an integer—as the atomic number, by 
definition, must be. Most of the chemical elements as they occur in 
nature are actually mixtures of two or more stable isotopes which are 
identical in atomic number' and chemical properties but differ in 
atomic mass. If the proper units of mass were used to account for 
variations in the number of neutrons present in the atomic nucleus, 
it should be possible to represent by integers the atomic weights of all 
the isotopes present in the mixture. However, as it is ordinarily deter¬ 
mined, the atomic weight of an element occurring in nature is the 
weighted average of the atomic weights of all the isotopes which 
compose it. Except by coincidence this average value is never an 
integer, no matter what units of mass arc adopted to express it. There¬ 
fore, as a matter of chemical convenience, atomic weights are now 
always expressed in terms of an arbitrary unit equivalent to one- 
sixteenth of the mass of an oxygen atom. 

i-a. Electrong 

It is now generally agreed that electrons arc particles of measurable 
mass, but that they ako have many of the properties of electro¬ 
magnetic wave motions. Thus, the mass of an electron can be deter¬ 
mined experimentally, and is equal to about 1/1840 of the mass of a 
single proton; yet a stream of electrons can be diffracted by a solid 
crystal in much the same way and according to exactly the same physical 
laws as can a beam of X-rays. 

Much confusion results from this apparendy dual nature of the 
electron, although it is actually only one manifestation of a general 
physical law that is applicable to all mechanical systems. 

In general, any single arbitrarily selected property of a pardclc or 
system (such as its mass) can be measured to any desired degree of 
accuracy. When this is done, however, the system is so disturbed that 
any other of its properties (such as its velocity or position) cannot be 
determined at the same time with equal accuracy. When the mass 
considered is even as great as 1 gram,^ the simultaneous determination 
of mass and of velocity or position, etc., involves uncertainties so small 

a F. Seiii, The Phfsits «/MtUlt, New York, McCrmw-HiU Book Company, Inc., 1943. 
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that they can safely be neglected, and in dealing with ordinary mechan¬ 
ical systems they are neglected. But as mass diminishes, these un¬ 
certainties increase rapidly, and they are very large when a mass as 
small as that of an electron is considered. 

One important implication of this uncertainty principle is that any 
attempt to describe an atom as a mechanical system in which mass, 
position, and motion of the electrons are simultaneously known must 
represent at best a drastic simplification of the facts. In view of the 
uncertainties involved in electron properties and behavior, a truly 
accurate description of the atom is possible only in terms of probability 
functions. This fact has led to the development of a mathematical 
treatment called wave mechanics^ based upon the mathematics of 
probability—and so quite different in its principles and methods from 
the precise mathematics applicable to ordinary gross mechanical 
systems. Wave mechanics can and does reconcile the particle and the 
wave properties of the electron or of any other small particle, and further 
demonstrates that all finite particles in any mechanical system actually 
share this same dual nature. The wave motions associated with masses 
large enough to be familiar from direct observation are so restricted in 
amplitude as to be unobservable by any ordinary means. They become 
important only when the masses considered are very small, but they 
cannot be neglected when they are. 

The major limitation upon wave mechanics results not from 
inaccuracy but from lack of understandability and credibility. Even to 
the atomic physicist a probability function offers a very incomplete 
view of the real, overall nature and behavior of an atom, the one 
mechanical system without which no others could exist. For clarity 
and usability, a simplified physical picture of the atom is irreplaceable. 
Accordingly, the wave properties of the electron will be neglected in 
most of the discussions which follow, and atomic behavior will be 
described in words rather than equations. 

On this basis, an electron may be described as a small, but finite, 
negatively charged particle. Its mass is 1/1840 that of a proton, and its 
diameter is generally believed to be slightly larger than that of an 
atomic nucleus.^ Its most important properties result, however, not so 
much from its mass as from its negative electrostatic charge ( —1«) and 

3 While there is some doubt concerning the physical significance of **diameter*' in the 
case of an electron» a value frequently given for the electronic diameter is 2.8 X 10*13 cm. 
F. O. Rice and E. Teller, op. cii. 
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its position and movements relative to the nucleus of the atom or 
atoms with which it is associated. 

1-3. Motion of the Electron 

Within the atom an electron simultaneously describes two motions: 
it spins continuously around its own axis, and it revolves continuously 
around the nucleus of the atom in which it is contained. Each electron 
has a definite electrostatic charge, and any moving charge generates a 
magnetic field. Therefore, as it revolves around the nucleus, an electron 
carries with it a small magnetic field, and so in several respects its 
behavior resembles that of a tiny moving magnet. This is of funda¬ 
mental importance in rationalizing the magnetic properties of metals, 
as will be described in Chapter 6. For the present, however, the spin 
of the electron and the magnetic effects which result from it will be 
considered as incidental to its major motion, i.e., its rotation around 
the atomic nucleus. 

The neutral atom of any element contains a number of electrons 
exactly equal to its atomic number. Each electron revolves around the 
atomic nucleus in some specific orbit which, in the atomic scale of 
dimensions, is relatively remote from the nucleus. A natural order 
exists both in the arrangement of these orbits relative to the nucleus and 
in the sequence in which they are occupied as, with increasing atomic 
number, electrons appear successively within the atomic system. This 
order is best rationalized in terms of the exclusion principle and the energy- 
level concept, which are discussed individually in the two sections that 
follow. 

1 - 4 * The Exclusion Principle 

One of the most significant facts of atomic structure, demonstrated 
both by physical experiments and by the mathematics of wave mechan¬ 
ics, is that there are drastic limitations upon both the number and 
the motions of electrons that can occupy any given orbit within an 
atom. Pauli was the first to discover that a single electronic orbit can 
contain no more than two electrons, and that, to be accommodated 
simultaneously, these two clcctron.s must necessarily be spinning in 
opposite directions. This is known as Pauli’s principle, or the exclusion 
principle, and its appUcation is perfecUy general. Under no conditions 
can more than two electrons occupy the same orbit at the same time. 
Accordingly, in all elements whose atomic numbers arc greater than 2, 
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there must exist more than one possible orbit in which electrons can be 
contained as they revolve around the nucleus. 

1 - 5 . Energy Levels Within the Atom 

Since the nucleus of an atom is positively charged, it exerts a strong 
electrostatic attraction for all electrons that appear in its immediate 
vicinity. The fact that electrons do not actually “fall into” the nucleus 
and neutralize its positive charge demonstrates that, in their rotation 
about the nucleus, they have kinetic energy sufficient to balance 
exactly the attractive force exerted by the nucleus. Further, if it ever 
should fall into the nucleus through this attractive field, an electron 
would evidently give up an anount of energy which would be a direct 
function of the distance through which it fell. Within the atom, then, 
each electron has potential as well as kinetic energy, and its total 
energy is the sum of the two. Rotating in a specific orbit around a 
particular nucleus, the total energy of any given electron is a constant 
value determined by the geometry and position of its orbit relative to 
the nucleus. This value is identified as the energy of the orbit, and in 
general it is higher for orbits which are more remote from the nucleus. 

Within a single atom, the number of orbits available for occupancy 
of electrons is definitely limited, and so of course is the energy repre¬ 
sented by each of the possible electronic orbits. These limitations are 
typical rather of wave than of mechanical systems, and their rationaliza¬ 
tion requires that the wave properties of the electron again be con¬ 
sidered briefly. 

A wave motion of any kind represents ejiergy, and, in general, the 
shorter its wave length (or the higher its frequency) the greater is its 
energy. Travelling alone in space, the wave motion is undisturbed by 
external factors, and so it can exist at any level of energy, i.e., with any 
wave length or frequency. When the wave motion is confined, however, 
either constructive or destructive interference may occur as it is 
“reflected” from the boundaries of the confining system. Constructive 
interference occurs only for those wave lengths which happen to have 
nodes at the boundaries of the system; all other wave motions promptly 
die out as a result of destructive interference. This is most simply 
exemplified by the fact that a stretched violin string of fixed length can 
vibrate only at those certain frequencies for which interference is 
constructive, and so can produce only certain specific tones. The same 
is true of a stretched drumhead. In three dimensions, only a few 
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characteristic tones can be produced by blowing across the mouth of a 
botUe or ringing a partially filled glass. Similar limitations apply to the 
reflection of Ught and other radiations, and they apply as well to 
electrons confined within any finite region, such as the interior of a 

single atom. . . , . 

As a result, then, of interference effects, an electron can exist within 

an atom only if the wave motion associated with it has one of the limited 
number of possible wave lengths for which constructive interference 
yrill occur within the atomic system. Each different wave length 
represents a different level of electronic energy, and so the conclusion 
is reached that electrons can exist within an atom only if they possess 
certain specific amounts of energy. They cannot exist at energy levcb 
which are intermediate between these possible values. 

To return to the concept of an electron as a particle revolving in a 
fixed orbit around the atomic nucleus, it is evident that electrons can 
assume only those orbits which represent energy levels possible to them 
within the specific atom being considered. All other orbits, representing 
intermediate energy values, are impossible. It is in this important 
respect that atomic systems differ most drastically from their usual 
analogue, the solar system. Presumably new planets could enter the 
solar system to assume orbits at any arbitrary distance from the sun. 
Alternatively, by altering the kinetic energy of an existing planet by an 
appropriate amount, its orbit could be altered to any desired degree. 
Further, there is no reason why, in the solar system, a whole swarm of 
planets should not simultaneously occupy the same orbit—as witness 
the asteroids. In an atom, on the other hand, electrons can exist only 
with certain energies and in specific orbits, and no more than two 
electrons can ever occupy the same orbit at the same time. 

1-6. Energy-Level Diagrams 

The possible orbits which can be assumed by electrons within a 
given neutral atom are conveniently summarized in an energy-level 
diagram such as that in Fig. 1-1. Here the relative energies required to 
maintain a single electron in each successively higher orbit (i.e., each 
orbit successively more remote from the nucleus) arc indicated by the 
vertical spacing of horizontal lines whose positions represent the energy 
levels of possible electronic orbits. 

It must be remembered that, within the atom, electrons can exist 
only at these specific energy levels. Between them lie forbidden regions 
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of energy, representing energy levels at which no electron can persist 
in the atom even for an instant. Oddly enough, under certain conditions 
(for example, when “excited”—i.e., increased in energy—by a beam 
of X-rays) electrons can pass instantaneously from one energy level to 


Relative 

Energy-Level 

Degeneracy 

Shell 
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Designation 

of Level 

Designation 


( 6 . 2 ) or 6 d 

10 



(7.1) or Ip 
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6 
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^ M-Shell 
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- ( 2 . 0 ) or 25 

6 

2 

y L-Shcll 

(l, 0 )orl 5 

2 

K-Shell 


Fig. l-I. Energy-Level Diagram. (Energy diminishes as column is descended.) 


another, and can do so without ever being possessed of energies inter¬ 
mediate between these levels. In other words, electrons can disappear 
from one orbit and immediately reappear in another without ever 
crossing the gap between the two. This remarkable behavior is evidence 
of an instantaneous change in wave length of the electronic wave 
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motion. It is analogous to an instantaneous change of one octave m the 
tone of a wind instrument, a transition that can be accomphshed 
without ever producing the wave lengths of sound which are inter¬ 
mediate between the two rather widely separated ton«. 

Individual energy levels within the atom arc designated by either 
of two common systems of symbols, both of which are given m the 
second column of Fig. 1-1. In the first of these si^tems energy Icveb are 
identified by two of their quantum numbers, which are positive integers 
of the form (n, /). n, the total (or principal) quantum number, is related 
to the total energy content of an electron when it exists in the designated 
level; and I, the azimuthal quantum number, is a measure of its angular 
momentum relative to the nucleus. Although the energy levels shown 
in Fig. 1-1 are those usually considered in discussing atomic structure, 
additional levels are possible for which n may have any value from 1 to 
an infinitely great positive integer. However, wave theory indicates a 
definite limitation upon the possible values of /; for a given value of n, 
possible values of I range only from zero to n — 1. There are, for 
example, a (2,0) level and a (2,1) level, but there arc no (2,2) and (2,3) 
levels. 

In general, levels having smaller values of n and / are those of lower 
energy, and so represent orbits nearer the atomic nucleus than do levels 
represented by greater quantum numbers. 

An alternative system of designating individual energy levels is also 
shown in the second column of Fig. 1-1. Here the total quantum 
number, n, remains the same as in the system just described; but /, the 
angular-momentum quantum number, is replaced by a corresponding 
letter. The letters r, rf,/, g. A, and i are used to represent respectively 
the integers 0, 1,2, 3, 4, 5, and 6. In this system, then, the energy level 
previously described as the (2,0) level is designated 2 j, the (3,2) level 
becomes 3</, etc. Since it appears more commonly in metallurgical 
literature, the latter type of designation—in which the angular- 
momentum quantum number is represented by a letter—will be used 
in the pages that follow whenever individual energy levels must be 
specified. 

The limitations imposed upon possible electronic energies vary 
with the atomic system in which the electron exists. Therefore, while 
Fig. 1-1 is representative of energy-level diagrams in general, a different 
diagram is required to represent energy conditions in each different 
kind of atom, and is required even for atoms of the same kind when they 
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exist in different chemical combinations. Some of the changes that 
may occur in the energy-level diagram when the electronic environ¬ 
ment is altered will be described in later sections. 

1-7* Degeneracy of Energy Levels 

Whenever a physical system is so constituted that two or more 
alternative arrangements of its components result in the same total 
energy within the system, that system is said to be degenerate. The 
number of alternative arrangements which have equal energy is called 
the degeneracy of the system. 

Energy levels within the atom are degenerate in the sense that 
whenever an electron enters a previously unoccupied level there are 
available to it two or more positions of equal energy. The number of 
alternative positions of identical energy which exist at a given energy 
level is also the maximum number of electrons which that level 
can contain when it is completely occupied. Most simply, then, the 
degeneracy of an energy level is its total capacity for electrons. 

The mathematical equations which represent the energy conditions 
of all s energy levels (b, 2r, etc.) are such that they imply spherical 
symmetry in the arrangement of electrons around the nucleus. This is 
taken to indicate that electrons in s levels move in spherical orbits. 
For a given total energy (« = 1 or « = 2, etc.) the distance from nucleus 
to orbit is hxed, and so only one spherical orbit is possible at that 
particular energy value. From Pauli’s principle, a maximum of 2 
electrons can exist simultaneously in the same orbit, and so the de¬ 
generacy of all s levels is 2. In Fig. 1-1 this is shown to be true of the b, 
2r, 3x, 4j, 5s, 6s, and 7s energy levels. 

Similar reasoning concerning p levels within the atom indicates the 
possibility of three different orbits of equal energy when the angular- 
momentum quantum number of the electron is 1. (These have been 
visualized as ellipsoidal orbits whose major axes pass through the 
nucleus at fixed angles relative to each other.) Each orbit can contain a 
total of 2 electrons, and so the degeneracy of all p levels is 3 x 2, or 6. 
Similarly, the degeneracy of all d levels is 10 (indicating five alternative 
orbits of equal energy), of all /levels it is 14, etc. 

Since it will enter into later discussions of chemical bonding and of 
electricity and magnetism, it is worth emphasizing here some implica¬ 
tions of the fact that the degeneracy of any given energy level is a 
definite and constant value. Thus, the 5p level of an atom is capable of 
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containing a total of 6 electrons. If, in the neutral atom of a given 
clement, it actually contains only 5, it is capable of accommodating one 
additional electron. This extra electron may be provided by transfer of 
one electron in an oxidation-reduction reaction which produces ioniza¬ 
tion, or by electron sharing in the formation of a covalent or metallic 
bond, or by excitation of an electron from some lower energy level. 

Further, any given energy level which is possible at all still exists 
even when it is completely unoccupied by electrons. For example, the 
single electron of the neutral hydrogen atom (Z = 1) is normally 
contained in the \s level, which is the lowest energy level of the atom. 
By raising the hydrogen to a very high temperature or by exposing it to 
an X-ray beam, it is possible to supply this electron with enough extra 
energy to excite it to the 2s, 2p, 3d, or some still higher energy level 
previously empty of electrons. Subsequently, the excited electron tends 
to return spontaneously to its original lower-energy position in the \s 
level When it does so, it gives up as light the extra energy that it 
acquired when it was excited. Transition of an electron from one 
particular energy level to any lower one (e.g., from 2 j to Ir, or from 
3^ to If) involves a certain very definite energy change within the 
atom, and so results in radiation from the atom of light of one specific 
wave length. The various wave lengths of light radiated by a group of 
hydrogen atoms after excitation are distinctive because no other atom 
has exactly the same arrangement of energy levels as has hydrogen, 
or undergoes exactly the same energy changes when transitions between 
levels occur. Therefore, the emission spectrum of hydrogen affords a 
positive means of detecting its presence by spectrographic methods. The 
same, of course, is true of any other element, and of absorption spectra 
and X-ray spectra (characteristic radiations) as well as of visible light. 

1-8* Shells of Electrons 

For convenience in describing the relationships among atomic 
structures and chemical properties, emission spectra, etc., closely 
related energy levels within the atom are often grouped together as 
elytron shells, as is shown by the fourth column in the energy-level 
(Uagram in Fig. 1-1. As is indicated in that figure by the relative posi¬ 
tions of the horizontal lines representing their energies, the 2f and 2p 
levels differ only sUghtly from each other in energy. They are, however, 
quite widely separated in energy—and presumably in the atom—from 
all other possible levels within the same atom. Accordingly, the 2f and 
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2p levels are often discussed together as a single L-Shell of electrons 
which can accommodate a total of 2 + 6, or 8 electrons. Similarly, the 
3s and 3p leveb may be grouped together in the M-Shell of electrons, 
the 4Sy 4p, and 3d levels in the N-Shell, etc. 

In establishing such groupings of energy levels, a certain amount of 
confusion results from the fact that the relative energies of various 
levels may be quite different in atoms of one chemical element than in 
those of another. In the aluminum atom, for example, the 3d level 
(although it is not ordinarily occupied by electrons) is actually in the 
N-Shell, as has been indicated in Fig. 1-1. In zinc, on the other hand, 
the 3d level is filled with electrons, and, because of their presence, has 
been reduced in energy to the M-Shell—where it is. associated with the 
3s and 3p levels, as its principal quantum number suggests that it 
should be. This energy shift is a normal and predictable result of 
electrostatic interactions among the larger number of electrons and of 
protons in the zinc atom, whose atomic number is considerably higher 
than that of aluminum. 

In more complex atoms of still higher atomic number the 4d and 4/ 
levels appear in the N-Shell, the 5d level in the O-Shell, and the Sd level 
in the P-Shell, as might be expected from the principal quantum 
number of each. No attempt has been made to illustrate energy changes 
of this type in Fig. 1-1. However, it will be necessary to consider them 
briefly in the next sections and also in certain later discussions, in order 
to rationalize some of the peculiarities of the so-called transition 
elements. Except when it is necessary to emphasize the energy shift 
itself, any level undergoing such a shift will be listed without comment 
in the shell in which it happens to fall in the.particular ^tom being 
discussed. Thus, for the chlorine atom the 3d level will be listed in the 
N-Shell; for the bromine atom, it will appear in the M-Shell. (A con¬ 
vention different from this has been adopted by some authors, who 
prefer to assume that a shell of electrons always contains all levels having 
the same principal quantum numbers, independent of energy differences 
among these levels which may actually exist in the specific atom being 
considered.) 

1-9. Chemical Valence 

The concept of a “full** or “closed” shell of electrons is very useful 
in rationalizing the chemical behavior of the elements and in discussing 
the formation by them of crystals in general. 
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Because of electrostatic interactions among electrons and between 
electrons and protons, the energy per electron represented by any given 
energy level usually diminishes significantly as that level is progressively 
filled with electrons, as has already been implied by the discussion in 
Section 1-8. Since an s level can never contain more than 2 electrons, 
its position in the energy-level diagram is only slightly lower when it is 
fully occupied by electrons than when it is empty. A p level, however, 
which can contain as many as 6 electrons, undergoes a considerably 
greater energy shift as it is filled, and the changes in energy which 
occur in d and /levels {with degeneracies of 10 and 14 respectively) are 
quite drastic. For the moment, the significant conclusion to be drawn 
from this behavior is that a completely filled energy level represents 
a particularly low energy condition for the electrons it contains, and so 
a relatively stable arrangement of them. If other energy levels imme¬ 
diately adjacent to a filled one are also completely occupied, the 
stability of the electronic configuration in all of these filled levels is 
further increased. 

Electrons contained in the outermost (highest-energy) occupied 
shell of a neutral atom are identified as its valence electrons. Since they 
arc most remote from the atomic nucleus, least firmly bound by it, 
and nearest to any foreign atoms which may approach their own 
atomic system, valence electrons are the ones that ordinarily partici¬ 
pate in chemical reaction. If the valence shell of the neutral atom 
happens to be full, however, it is so stable that its parent atom shows 
little tendency to react chemically. This is very evident in the chemical 
behavior of helium, with a full K-Shell; neon, with a full L-Shell; argon, 
with a full M-Shell; krypton with a full N-Shell; xenon, with a full 
O-Shell; and radon, with a full P-Shell. Their group tide, the inert 
gases, is an accurate indication of the reluctance of these elements to 
undergo combination or chemical reaction. Under any ordinary 
conditions they exist only as monatomic, elemental gases. 

If, on the other hand, the valence shell of a given neutral atom is 
only partially filled with electrons, that atom tends either to gain or to 
lose electrons until the outermost shell which is still occupied is full. 
Hydrogen, for example, with 1 electron in its valence shell (which is 
the \s level, or K-Shell), tends ordinarily to give up its single electron 
through chemical reaction with any adjacent atom whose valence level 
can contain it, and so to become a positively charged ion. In this 
condition it is said to have a valence of -|- 1, since the single positively 
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charged proton of the hydrogen nucleus is unaffected by the loss of the 
valence electron that, in the neutral atom, exactly balanced its positive 
charge. But it is also possible for the hydrogen atom to react in such a 
way that it fills its valence shell instead of emptying it, acquiring one 
additional electron and forming a negative ion that has a valence of 
— 1. In this condition the hydrogen ion usually appears as a hydride, 
which is the chemical analogue of a chloride or fluoride. 

Helium (Z = 2) is exceptional among the inert gases in having a 
full valence shell, the K-Shell, which contains only 2 electrons. All the 
other inert gases have a full valence shell which includes a ^ as well as 
an s level and so is capable of containing 8 electrons instead of just 2. 
Since these elements are so unreactive, an “octet” of valence electrons 
is generally considered to represent a particularly stable electronic con¬ 
figuration. This reasoning has given rise to the well-known octet theory 
of valence, which is so useful in explaining the arrangement of atoms 
into solid crystals that it will be mentioned repeatedly in later chapters. 

In the octet theory of valence it is postulated that, in chemical 
reaction, the atoms of any given element tend to gain, lose, or share just 
enough electrons so that the outermost shell still occupied will contain 
exactly 8 electrons, the stable octet. For electronegative elements, 
which tend in chemical reaction to acquire additional electrons and so 
to assume a negative valence, the octet theory fits the observed facts of 
chemical behavior very neatly. Thus, each of the halogens (fluorine, 
chlorine, bromine, iodine, and astatine) has 7 valence electrons per 
neutral atom. When they react with other elements the halogens 
ordinarily assume a valence of — 1, each halogen atom acquiring one 
more electron from the other reactant to complete its own stable octet 
of valence electrons. Similarly, atoms which normally contain 6 valence 
electrons (oxygen, sulfur, selenium, tellurium, polonium) usually 
acquire two more when they are involved in oxidation-reduction 
reactions, and so, as ions, have a usual valence of ~ 2. Elements with 
5 valence electrons per neutral atom (nitrogen, phosphorus, arsenic, 
antimony, and bismuth) commonly assume a valence of ~ 3 when they 
react in such a way that electron transfer occurs, although they may 
instead lose what valence electrons they originally had and so appear as 
positive ions. In the same way, elements with 4 electrons pei* atom 
originally (carbon, silicon, germanium, tin, and lead) may either gain 
or lose electrons in chemical reaction, and so may appear as ions with 
a valence of either — 4 or -1- 4. 
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Electropositive elements arc those which, in chemical reaction, 
usually lose electrons instead of gaining them, and so appear as pwitively 
charged ions. Elements whose atoms contain 1, 2, or 3 electrons in their 
valence shells are electropositive, although in a few cases they can gain 
enough electrons to complete a stable octet and so assume a high 
negative valence. More commonly they lose what valence electrons 
they originally had, and assume a positive valence of 1, 2, or 3. Ordina¬ 
rily when they do so they lose all of their valence electrons and arc left 
with the next lower, full shell as their outermost occupied electron 
shell. Occasionally, however, they also lose one or more electrons from 
this lower shell and then assume an unexpectedly high positive valence. 

It is simply coincidence when an electropositive element obeys the 
octetthcoryofvalcncc. For example, lithium (Z = 3), sodium (Z = 11), 

and rubidium (Z = 37) each has 1 valence electron per neutral atom,- 
and each assumes a valence of 1 when it is oxidized. But the outer¬ 
most occupied shell of the lithium ion (which is a full K-Shell) contains 
2 electrons; the outermost occupied shell of the sodium ion (a full 
L-Shell) contains 8; and the outermost occupied shell of the rubidium 
ion (a hill N-Shell, including the 3d level) contains 18. 

In general the octet theory of valence applies only to atoms that 
gain electrons when chemical reaction or combination occurs. For them 
it indicates the number of additional electrons which a given atom must 
acquire in order to attain the stable condition in which an octet of 
electrons is contained in its valence shell. The octet theory of valence 
does not ordinarily apply to electropositive elements, which in general 
lose all of their valence electrons (and occasionally one or more electrons 
from the next lower electron shell), independent of the number of 
electrons left in the outermost occupied shells of their ions after this has 
occurred. 

1-10. The Periodic Table 

The similarity in chemical behavior of elements which have the 
same number of valence electrons per neutral atom has led to the 
development of the familiar periodic table of the elements, one form 
of which is presented in Table 1-1. In the periodic table the chemical 
elements are listed in order of increasing atomic number, but are so 
arranged in the table that'periodic similarities in their properties are 
emphasized. This is accomplished by listing elements which arc similar 
to each other in their usual valences, and so in their chemical properties, 
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Group NuidBct: 

Subgroup: 
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Period 
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A-132.91 



1 


lj22j22^3i2^3dl'Hj24^»04/M5j25^W»»+ 


Seventh (Fourth. 
Long Period) 
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Table 1-1. Periodic Arrangement of the Elements (con/inu^e/) 


Group Number: 

Subgroup: 
Group Title: 

Usual Valences: 

IV 

B 

Heavy 
Metals 
±4. +2 

Period 

Electron Configuration 

_ — _ _.. - . - 1 

First 1 

• 

Electrons in K*She!l: 

% 


Second -j 

K.Shell full, L-SheU filling; Ui+ 


Third 

• 

K- and L- SbeUs full. M-SheU filling: 

1,22,22^+ 


Fotirth (First , 
Long Period) 

K., L.. and M-Shells fuU, N-SheU filling: 

1,22,22^3,23^+ 


lJ^2^nf|6^s^3p63diO+ 

Gennaniutt 

Ge Z-32 

A-72.60 
isHpi 

Fifth (Second . 
Long reriod) 

« 

K-, L., M-, and N-Shells full, O-Shell filling: 


l,22,22^.V23^3dt04j24^io+ 

Tin 

Sn Z-50 

A-116.70 
5r2^ 

* 

Sixth (Third 
Long Period) * 

1 

K>, L*. M«, N>. and 0>Shelli full, P>SheU filling:' 

U32r22^3r33^3di04,24^] 05,2^+ 






l,22,22^3j33^3gi04,a4^64diH/H5,23^5dl0+ 

Lead 

Pb Z«82 

A-207.21 
6x2Ci^ 

• 

Seventh (Fourth 
Long Period) . 

K-. L*. M-, N-, 0-, and P-Shelli fuU, O-SheU filling: 

l,22,22y3r2S^3di04ra4^«Wi04/>%25^Mi«6r^+ 



















Table 1-1. Pcricxiic Arrangement of the Elements (conlinueJ) 


v 

VI 

VII 

Mil 


Nonmctals 

XonmciaN 

Halogens 

Inert Gases 

Transition Elements 

-i 

-2 

-1 

0 






1 Helium 

He Z = 2 

A= 4.003 

Iji 

t 

i 

i 

t 

1 ’ 

Nitrogen 

N Z = 7 

A= 14.008 
2s'.2pi 

Oxygen ! 

O Z = 8 

A= 16.0000 
2si2p* ■ '■ 

Fluorine 

F Z=9 

1 A= 19.00 
2«22/.J 

Neon 

.\e Z=10 

, A = 20.183 
2>i2pt> 



Phosphorus 

P Z=I5 

A = 30.98 1 

Sulfur j 

S Z=16 ! 

A = 3>.066 1 

is'-ip* : 

Chlorine 

Cl Z=17 

1 A = 35.457 

Argon 

A Z=18 

i A =39.944 
3si3p» 

1 

4 

1 

1 


1 

1 

1 

1 

1 

1 

Scandium 

Sc Z = 2l 

A= 45.10 
4i23t/i 

i Fitattium 
; Ti Z = 22 

' A = 47.90 
4s23t/2 

1 

.•\rscnic 
•As Z = 3J 

A=74.9l 
4j24/>i ' 

Selenium 

So Z -34 ' 

A =.-78.96 
4s24/r‘ 1 

Bromine ' Kr>'pton 

Br Z = 35 i Kr Z = 36 

A = 79.916 ! A = 83.7 

1 4ji4/>s 1 4j24p'' 

I 

1 


1 

1 

1 

1 

1 

1 

1 

1 

1 

Yttrium 

V Z = 39 

i A = 88.92 
5j24di 

1 Zirconium 

1 Zr Z = 40 

A= 91.22 
5s24</2 

Antimony 

Sb Z^51 
121.76 , 

5s^bp^ 1 

Telturiuin 

Te Z = 52 

A= 127.61 

Iodine 

1 I Z = 53 

A= 126.92 

1 5i25/>5 

1 Xenon 

1 Xe Z=.34 

A^13l.3 
5s^bp<f 


1 

1 

1 

1 

1 

1 

1 

1 

j 

1 

1 

, 1 

1 

1 

1 

1 

1 

1 

1 

Laiilhanutit 

La Z = 57 

' A= 138.92 
6il5t/i 






Gadolinium 
Cd Z=64 

A= 156.9 
tiibdHp ' 

1 I'erbiuni 

i Tb Z= 65 
i A =159.2 
' 6s25t/i4/8 

1 


• 

1 

1 

1 

1 

J 

1 1 

Lutecium 

Lu Z=71 

A= 174.99 
4/i46j25d> 1 

Hafnium 

Hf Z = 72 
A= 178.6 

4/i-*6j25rf2 

Bismuth 

Bi Z=:83 

209.00 

Polonium 

Po Z*84 

A=r2l0 
6s^6p^ 

Astatine 

At Z = 85 ! 

A=2ll ! 

6s26pi 1 

Radon ^ 

Rn Z=:86 ' 

A = 222 ! 

j 6s^fA • 




! 

i 1 

• 1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Actinium 

Ac Z=89 

A= 227.05 
7si6di 

Thorium 

Th z=yo 

A = 232.12 
7fi6dib/i 


1 

1 

1 

Berkelium 

Bk Z = 97 

A=247 










Table 1-1. Periodic Arrangement of the Elements (con<ina#rf) 



Period 


Second 


Fourth (First 
Long Period) 


Fifth (Second 
Long Period) 


Sixth (Third 
Long Period) 


Transition 

Elements 


Electron Configuration 



Electrons in K-Shell: 



K-Shell full, L-Shell filling; 


K- and L- Shells full, M-Shell hlling: 


1j2 + 


U22s22f)6 + 



Vanadium 

K-, L-, and M-Shclls full, N-Shell filling: V Z=23 

1 j22j22/»63j23M+ A= 50.95 

4s23rf3 


Is22s22/^3j23/^3<f>0+ 



K., L-, M., and N-Shells full, O-Shell filling: 


1S22 j22/,63j23^3«/« 04j24/>6 + 


Columbium 
Cb Z=41 
A«92.91 
4d*5si 


]s22s22p63s23fA3diHs24fMdi^+ 


K-, L-, M-, N-, and O-Shells full, P-Shell filling: 

lr22s22/i43j23^3</«04i24^rfi05j25/»6+ 




Cerium 

Cc Z=58 

A» 140.13 
6i25</i4/i 


Dysprosium 
Dy Z=66 

A= 162.46 
6s25dJ4/9 


Tantalum 
Ta Z=73 
A= 180.88 
4/l46j25if3 



Seventh (Fourth 
Long Period) 


Is22/22^3i2^3d«>4j24^</io4/i45j25^5</»o+ 


• Protactinium 

K-, h^f N-, and P-ShcUs full, Q:Shcn Blling: Pa 


Californium 
Gf Z»98 

A=246 















Tabi^ 1-1. Periodic Arrangement of the Elements 



Tramiuon Elcmcnis 





i 












Chromium 

Cr Z = 24 

A=52.0l 

Manganese 

Mn Z=25 

A = 54.93 
4x23dS 

Iron 

Fe Z = 26 

A= 55.85 
4i23</6 

Cobalt 

Co Z = 27 

A = 58.94 
4x23«r 

Nickel 

Ni 2 = 28 

A = 58.69 
4x23d« 




1 


Molybdenum 
Mo Z=42 

A=95.95 
4rfJ5j> 

Technetium 

Tc Z = 43 

A=99 

1 4«/«5x» 

Ruthenium 

Ru Z = 44 

A=10l.7 
4<P5i> 

Rhodium 

Rh Z = 45 i 

A= 102.91 
4d«5xt 

Palladium 

Pd Z=46 

A= 106.7 

4dio 




1 


Praseodymium 
Pr Z = 59 

A= 140.92 
6j2M»4/2 

Neodymium 

Nd 2=60 

A= 144.27 
6j25dl4/2 

Prometheum 

Pm Zs61 

A* 147 
&25rfi4/4 

Samarium 

Sm 2 = 62 

A= 150.43 
6x25rf>4/s 

Europium 

Eu 2 = 63 

A= 152.0 
6x25<i«4/6 

Holmium 

Ho Z»67 

A= 164.94 
6f25</i4/io 

Erbium 

Er 2=68 

A= 167.2 
6x25</l4/n 

Thulium 

Tm 2=69 

A= 169.4 

6j25rfi4yi2 

Ytterbium 

Yb 2 = 70 

A= 173.04 
6x25d>4/13 


Tungsten 

W 2=74 

A= 183.92 
4/«<6s25d< 

Rhenium 

Re 2=75 

A= 186.31 

4/>46j25d5 

Osmium 

Os 2 = 76 

A= 190.2 
4/><6x25rf6 

Iridium 

Ir 2=77 

A= 193.1 
4/M5<f9 

Platinum 

Pt 2 = 78 

A= 195.23 
4/M5</96xi 






Uranium 

U 2=92 

A=238.07 
7x26rfi5 p 

Neptunium 

Np 2=93 

A=237 
7x26</i5/« 

Plutonium 

Pu Z=94 

A=239 
7x26^15/3 

Americium 

Am Zs95 

A»241 

Curium 

Cm Z = % 

A=242 
7x26rf>5/2 
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in the same vertical column of the table. Thus, elements with 1 valence 
electron per neutral atom are grouped together in the first column 
(Group I) of the table, elements with 2 valence electrons per neutral 
atom in the second (Group II), etc. Some modifications of this general 
scheme are ordinarily desirable, especially with regard to helium and 
the transition elements, in order both to condense the table and to 
emphasize certain similarities other than chemical valence. Most of 
these modifications are explained below. 

In addition to illustrating periodicity in the chemical properties of 
the elements, the periodic table also indicates the order in which, with 
increasing atomic number, the energy levels and electron shells of the 
atom are progressively filled by electrons. Thus, in the neutral atom of 
hydrogen (2 = 1) the single electron present seeks the lowest level of 
energy available to it, and so appears in the Ir level of the K-Shell. In 
the periodic arrangement in Table 1-1, hydrogen is therefore listed in 
Group I (although, in some forms of the periodic table, it is occasion¬ 
ally shown instead in Group VII, to emphasize the fact that it needs 
only one more electron (o complete its valence shell). In the helium 
atom (Z = 2) 2 valence electrons are present, the Is level and K-Shell 
are full, and helium is therefore listed in Group VII I, to emphasize its 
chemical similarity to the other inert gaseS—all of which actually do 
have 8 valence electrorii per neutral atom. In lithium (2=3) 2 
electrons fill the \s level completely, and so the third electron present 
assumes a position of slightly higher energy, in the 2s level of the L-Shell. 
Having a full K-Shell and a single valence electron In its L-Shell, 
lithium appears in Grott^ I of the peHodic table, under hydrogen, 
which it resembles in chemical behavior. In beryllium (2 = 4) both 
the 1 j and the 2s levels are full, and so in boron (2 = 5) a single 
electron appears in the 2ji level of (he L-*Shell. As the atomic number 
increases to uranium (2 = 92) and beyond, progressive filling of 
successively higher energy levels continues in an orderly manner, with 
interruptions only as the various transition series of elements are 
encountered.** 

* For brevity, the electron configuration existing within a given atom is often described by 
listing successively ail energy levels ilhich actually contain electrons, and using an exponent 
to indicate the number of electrons present m each. Thus, the electronic arrangement in 
the neutral hydrogen item is completely described by the symbol ls> (although the superscript 
is often omitted when it is unity); that of the helium atofn is repr«cnted by 1 of lithium by 
U22ii, of beryllium by U22s2, of boroft by li22*22pi, etc. This system of abbreviations has been 
used throughout Table 1*1, and will reappear occasionally in later discussions. 
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The first three " periods ' or horizontal rows of elements in tlu 
periodic table represent progressive filling witli electrons of energ\- 
levels contained in the K-. L-, and M-Shells of the atom. Normal filling 
of ihe N-Shell begins with potassium (Z = 19), which has 1 valence 
electron in the 4.Mcvel, and calcium (Z - 201 , which has 2 valence 
electrons in the 4s level. With scandium (Z = 21 ), however, the first 
transition scries begins. Because of complicated interactions among 
electrons present in the K-, L-, and M-Shells and the 4s level, and 
because of the influence of the large number of protons now present in 
the nucleus, the cncrg>’ level has slowly changed its position in the 


energy-level diagram and has now dropped into the N-Shell, where it 
appears for the moment between the 4i and 4p levels. In the eight 
transition elements of the iron group, therefore, filling of the 3d level 
occurs progressively, the only irregularity appearing when, in chromium 
(Z = 24), one of the electrons of the 4f level drops into the 3d. In 


manganese (Z = 25) the 45 electron is replaced, and the filling of the 
3rfthen continues with iron, cobalt, and nickel. When copper (Z = 29) 
is reached, the 3d level has dropped below the 45, and has acquired 
enough more electrons at its expense to be completely filled with 10 
electrons. Copper, therefore, has a single 45 electron as did potassium 
(Z = 19) and chromium (Z = 24), but dilfers from these lighter 
elements in having a full 3d level, which now appears in the M-Shell. 

From copper to kr\'pton {Z =• 36) there occurs an orderly filling 
of the N-Shell of electrons, and with rubidium (Z -- 37) and strontium 
(Z = 38) the 55 level of the O-Shell is filled. From yttrium (Z 39) 
to palladium (Z = 46) a second transition series occurs, as the 4d level 
is filled and drops to a lower energy position in the N-Sheil. From silver 
(Z = 47) to xenon (Z = 54) filling of the O-Shell continues, and with 
cesium and barium (Z = 55 and Z = 56) the 65 level of the P-Shell is 
filled. Again the normal sequence is interrupted as, with lanthanum 
(Z = 57) a single electron appears in the bd level, and another transi¬ 
tion series is begun. Here a novelty appears in the table, in the form of a 
transition series within a transition series. From cerium (Z — 58) to 
ytterbium (Z = 70) further occupation of the bd level is postponed 
while the 4/lcvel is being filled. From lutecium (Z = 71) to platinum 
(Z = 78) filling of the bd level is resumed, and with gold (Z - 79) 
filling of the 65 level is begun anew, followed in subsequent elements 
by filling of the 6/» level and completion of the P-Shcll with radon 
(Z = 86). In francium (Z = 87) and radium (Z 88) the 7s level 
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of the Q-Shell is occupied, and with actinium (2 = 89) another 
transition series appears, as filling of the level begins. Again, however, 
there is a transition series within a transition series, and from thorium 
(Z = 90) to californium (2 =98) filling of both the and the Ip levels 
is delayed while the 5/level is occupied by electrons. Neither the 5/nor 
the level is completed when the periodic table is ended with the last 
of the known chemical elements. 

Mendeleev and his successors, in devising and extending the periodic 
table, worked largely from observation of chemical similarities and 
from measurement of such obvious properties as valence and atomic 
weight. They were left puzzled by many gaps in the table, and by 
several apparent discrepancies—such as the fact that tellurium 
(2 =52, A = 127.61), to fit into the table at all logically, must 
precede the lighter element iodine {2 = 53, .4 = 126.92). In modern 
atomic physics the gaps have all been filled,5 and the energy-level 
concept, with its wave-mechanical justification, has made it possible 
to rationalize the chemical behavior of all of the known elements in 
considerable detail. 

i-ii. Multiple Valences 

The remarkable energy shift which occurs in transition levels as they 
are progressively filled with electrons is one of the principal reasons for 
the existence of certain electropositive elements in two or more different 
valences. For example, in the eight transition elements of the iron 
group the Zd level is very closely related to the 4^, as is indicated by the 
fact that in chromium (2 = 24) one electron previously present in the 
45 level has dropped to the Zd, while in manganese (2 = 25) it reappears 
in the 45. In all respects except degeneracy the Zd level is quite similar 
to the 45, and so—although the latter is considered to represent the 
valence level of the atom—the Zd level may also participate in valence. 

5 Elements 43 (technetium) and 61 (prometheum) and all known elements of atomic 
number higher than 83 (polonium, astatine, radon, francium, etc.) disintegrate spontaneously 
as a result of the instability of their atomic nuclei. Because of the radiant energy which they 
emit as they do so, such elements are said to be radioactive. Radioactive elements appear in 
nature only when their nuclear disintegration is relatively slow, as is the case with uranium, 
or when they arc continuously produced by the slow decay of another radioactive clement 
of higher atomic number, as in the case of radon (which is produced by disintegration of 
radium). Even in these cases, they occur only in very small amounts, and there is good reason 
to believe that technetium, prometheum, astatine, neptunium, plutonium, americium, curium, 
berkelium, and californium, do not exist in nature at all. However, all of these elements have 
recently been produced in the cyclotron in quantities sufficient for identification and for 
preliminary chemical and physical examination. 
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As a result chromium, for example, can be oxidized to a valence of 
+ 2 by losing a 4r and a single U electron, or to a valence of + 3 by 
losing these plus a second 3rf electron, or to a valence of + 6 by losing 
the 45 and all five U electrons. 

Such multiple valences are very common among the transition 
elements and appear also in many of the elements which immediately 
follow a transition series in the periodic table. Copper, for example, is 
next higher in atomic number than nickel, which is the last member of 
the iron group. The usual valence of copper is + 1, as might be expected 
of a member of Group I in the table. However, copper may also be 
oxidized to the + 2 valence by loss of a 3(/ as well as a 45 electron. In 
this respect it differs significantly from lithium, sodium, and potassium, 
which are also members of Group I but are capable only of assuming 
the + 1 valence. Copper is therefore frequently listed as a member of a 
B subgroup within Group I, together with silver and gold, which also 
follow transition series in the table and resemble copper in properties 
and in chemical behavior. Generally similar irregularities appear also 
in members of Groups II, III, and IV, and B subgroups containing 
elements demonstrating such behavior are indicated in the periodic 
arrangement of Table I-1. 

I-I 2 . Free Energy 

The next section of this chapter and many discussions in later 
chapters are concerned with the spontaneous changes that occur in 
metals and alloys as a result of variations in chemical environment, 
temperature, pressure, particle size, homogeneity, and other conditions 
of the system in which a given metal exists. In general, spontaneous 
changes in any system can be most clearly and accurately rationalized 
in terms of free-cnergy changes, and therefore the free-cnergy concept 
will be introduced rather frequently in later discussions. 

Any system or substance which can be isolated from its surroundings 
for examination contains a certain amount of energy, usually identified 
by the symbol H. Frequently this energy exists within the system in 
several different forms—thermal, chemical, mechanical, or electrical. 
Under proper conditions, however, energy in any of these other forms 
can be converted into an equivalent amount of heat. H is therefore 
often said to represent the heat content of the system, and its magnitude 
is usually expressed in calories or in Btu’s. 

At any given temperature, the total energy content of a system is 
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divided between free energy and bound energy. Both free and bound energy' 
may appear simultaneously in several different forms within the system, 
but again all of these various forms can ultimately be converted into 
heal. As a result, both types of energy are usually evaluated in thermal 
units, their sum being the heal content of the system. 

Free energy, identified by the symbol F, is best described as iso- 
ihermally available energy. It is free only in the sense that, under 
certain conditions, it can be released by and removed from the system 
with no accompanying change in the temperature of that system. 

Bound energy' is here thus called simply to distinguish it from free 
energy, ft is isothcrmally unavailable; that is, it cannot ordinarily be 
liberated from a system unless the temperature of the system is changed. 
Bound energy exists principally as sensible heat, i.e., as kinetic energy 
in the random motions of atoms or molecules within the system and as 
potential energy in their arrangements relative to each other. Its 
magnitude is exprcs.sed as the product of the entropy, S, of the system 
which is closely related to its specific heat, and its absolute temperature, 

r. 

'I'hc relationships which exist among H, F, S, and Tare summarized 
by the equation: 

H ^F + TS, 

or 

1 otal energy • free energy + (absolute temperature) X (entropy). 

Unfortunately, absolute values of H, F, and .S' cannot often be 
determined at any given temperature, largely because they are all 
dependent upon complex interactions among electrons, atoms, and 
molecules which arc not yet fully understood. However, the extent of 
atiy increase or decrease in these values can usually be determined by 
measuring the absorption or evolution of heat which accompanies 
certain specific changes within the system. The most generally useful 
form of the energy equation is, therefore: 

AH = AF A- TAS, 

where the symbol A (delta) indicates a finite and measurable change in 
magnitude of the term which it immediately precedes. 

i-i3< Spontaneous Changes 

To the metallurgist it is usually the free-energy change, AF, in the 
energy equation for any given process that is of interest, since its sign 
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indicates whether or not the process can occur spontaneously and its 
magnitude gives some indication of whether it may reasonably be 
expected to occur rapidly and to proceed to completion. 

One way in which the second law of thermodynamics can be stated 
is this: no process can occur spontaneously unless it results in a decrease 
in free energy of the system in which it takes place. Only if AF for a 
given process is negative in sign, indicating that a loss in free energ>’ by 
the system accompanies the process, can that process continue spon¬ 
taneously. When AF becomes zero or assumes a positive value, the 
process cannot proceed spontaneously. 

The second law of thermodynamics is based entirely on experience. 
For example, a rock resting on a hillside has a certain amount of 
potential energy (which in this case is a form of free energy) as a result 
of its position relative to the center of the earth's gravitational field. 
The free energy ol the system containing the rock and the rest of the 
earth can be reduced if the rock rolls down the hill to a point at which 
its potential energy is less. Such spontaneous changes arc commonplace. 
It is inconceivable, however, that the rock should ever increase its 
potential energy by spontaneously rolling back up the hill. Thousands 
of examples might be cited of mechanical, physical, and chemical 
processes which seem always to proceed in the direction that results in a 
decrease in free energy, and which never occur spontaneously in the 
reverse direction. Therefore, while it cannot be proved rigorously, the 
second law of thermodynamics is easy to accept as a generalization 
which is applicable to any system large enough to be observed directly. 
In fact, it has already been accepted tacitly in earlier discussions in this 
chapter, and for atomic systems which are unobservably small. In 
Sections 1-7, 1-9 and 1-10 it was assumed without discussion that the 
single electron of the neutral hydrogen atom would spontaneously seek 
the lowest energy level available to it, in the K-Shell, and that each 
successive electron added to an atomic system would similarly tend to 
assume the lowest possible energy level which was not already com¬ 
pletely occupied by electrons. Although the techniques required to do 
so are somewhat indirect, it can be demonstrated beyond question that 
this represents the average behavior of electrons. The second law of 
thermodynamics applies in general to electronic and atomic systems as 
well as to gross mechanical systems. 

To prove that any given process can occur spontaneously, it is 
sufficient to demonstrate that the process in question wiU decrease the 
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free energ>' of the system in which it occurs. However, as will be 
emphasized in later discussions, the fact that a given process is thermo¬ 
dynamically possible does not necessarily indicate that it will begin 
immediately or continue at an observable rate. Thermodynamics is 
not concerned directly with the time factor; in the above example, the 
rock may rest indefinitely in its high-energy position on the hillside 
unless enough external energy is sometime provided to “activate” it 
from its resting place so that it can begin its spontaneous progress 
down the hill. Once begun, though, a process for which J^has a large 
negative value is likely to occur more rapidly than one for which ~AF 
is less, and to approach more nearly to completion. 

1 - 14 . Chemical Activity 

Because different species of atoms vary in the forces they exert on 
their valence electrons, they diflTer also in the readiness with which they 
react or combine with other chemical elements. The general tendency 
of an clement to undergo chemical reaction is described as its chemical 
activity, and the relative chemical activities of individual elements are 
indicated approximately by their positions in the activity series in 
Table 1-2. Elements near the top of the series are ordinarily the ones 
most likely to participate actively in chemical reaction. 

The activity series in Table 1-2 is based upon the relative tendencies 
of the common metals and of some metalloids and nonmetals to combine 
with oxygen, as measured by the free-energy change which occurs when 
one kilogram of oxygen at atmospheric temperature and pressure reacts 
with a particular element to form the indicated oxide. In general, 
elements that are high on this list have a strong tendency to give up 
valence electrons in reaction with oxygen, being themselves oxidized to 
positively charged ions in the process. Elements high in the series are 
therefore said to be very active or strongly electropositive. As the list is 
descended the tendency to react with oxygen diminishes; the precious 
metals at the bottom of the list are so inactive (or so weakly electro¬ 
positive) that they do not form oxides at all except under very unusual 
conditions. It will be noted that certain of the elements appear more 
than once in the series, because they may be oxidized to any of two 
or more different valences, and because the free-energy change accom¬ 
panying their oxidation varies with the valence they finally assume. 
The series as given is incomplete in not including all possible valence 
states of all metallic elements, and it is somewhat doubtful with respect 
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Table 1*2. Activity Series 

Based on AF per kilogram oxygen, at atmospheric temperature and pressure, in 
formation of the individual oxides listed. Activity diminishes as the table is descended. 


Element 

Oxide Formed 

Element 

Oxide Formed 

Ca 

CaO 

Ni 

NiO 

Be 

BeO 

Co 

CoO 

Th 

ThOj 

H 

H 2 O (liquid) 

Mg 

MgO 

Mn 

Mn 02 

Ba 

BaO 

Sb 

Sb 203 

Sr 

SrO 

C 

CO 2 (gas) 

A1 

AI 2 O 3 

Sb 

Sb 204 

Cc 

CeOj 

Pb 

PbO 

V 

V 2 O, 

As 

AS 2 O 3 

Ti 

TiOz 

Sb 

Sb205 

Si 

SiO^ 

Bi 

Bi 20 , 

Mn 

MnO 

As 

AS 2 OS 

Cr 

CfjOj 

Pb 

Pbj04 

V 

V 205 

Cu 

CU 2 O 

Mn 

MniOi 

S 

SO 2 (gas) 

Zn 

ZnO 

c 

CO (gas) 

P 

PjOs 

Tl 

TI 2 O 

Fc 

FejOj 

Cu 

CuO 

Sn 

Sn 02 

S 

SOj (gas) 

Fe 

F€304 

Pb 

Pb 02 

Fe 

FeO 

H 

H 2 O 2 

W 

WOj 

Hg 

HgO 

Mo 

MoOj 


AgzO 

Cd 

CdO 

N 

NO 2 

(Continued in 

columns 3 and 4) 

Au 

AU 2 O 3 


to the relative activities of certain pairs of adjacent elements, because of 
uncertainties in some of the free-energy data upon which the table is 
based. 

Activity series generally similar to that in Table 1-2 can also be 
derived from the relative tendencies of the metals to combine with any 
nonmelal other than oxygen (e.g., with sulfur or with chlorine), or 
from the electromotive force developed between an element and an 
aqueous solution of its ions, or by any of several other available means. 
The energy change upon which an activity rating for each element is 
based depends not only upon the chemical nature of that element but 
also upon such variables as the nature of the element with which it 
reacts, the type of bond formed, and such environmental conditions as 
temperature, pressure, concentrations, and purity of reactants. It is not 
surprising, therefore, that these other forms of the activity series differ 
in some details from the one given here. However, when differences do 
appear they are usually minor ones, and in general they involve only 
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rearrangement of elements which are close to each other in all of the 
different activity scries. 

Like all other published activity scries, that in Table 1-2 is based 
upon the simplest possible condition—atmospheric temperature and 
pressure in a pure system uncomplicated by the presence of other 
elements. Temperatures and pressures higher or lower than this and 
the presence of impurities may actually reverse the order of elements 
near each other in the series. Therefore, while it is a useful guide to 
chemical activity, this or any other activity series must be interpreted 
with a certain amount of discretion if misleading conclusions are to be 
avoided. 

I-15. Activity Series for the Nonmetals 

An activity series generally similar to that given in Table 1-2 for 
the metals, and subject to the same general limitations, is also possible 
for the nqnmetals. As presented in Table 1-3, it includes several 
elements—hydrogen, boron, silicon, carbon, phosphorus, and sulfur— 
previously considered to be metallic in nature. In forming metallic 
hydrides, borides, silicides, carbides, phosphides, and sulfides, these 
elements behave as nonmetals, although under other conditions they 
may act as metals in forming oxides. 

The activity series in Table 1-3 is based upon the relative tendencies 
of the nonmetals listed to combine with a number of common metals 

Table 1-3. Activity Scries for the Nonmclals 
Activity diminishes as the table Is descended. 


F 

Cl 

Br 

O 

S 

N 

P 

C 

Si 

B 

H 

He 


at atmospheric temperature and pressure. Here again the scries repre¬ 
sents a decreasing tendency to participate in chemical reaction as the 
list is descended, but in this case it indicates a diminishing tendency to 
gain rather than to lose electrons, i.e., to be reduced to a negative 



31 


1-15. Activitji Series for the Nonmetals 

valence. As was true of the activity series for the metals, minor rearrange¬ 
ments in the order of the elements may occur if temperature, pressure, 
concentration, or purity of the system is significantly altered. 

In spite of their evident limitations, the two activity series presented 
in Tables 1-2 and 1-3 have real usefulness in explaining many aspects 
of metal behavior, as will become evident in the discussions in several 
later chapters. 



CHAPTER 2 


Crystallography 


Having achieved some understanding of the nature and behavior 
of the atoms themselves, it is next important to determine how these 
atoms are arranged within the structures of the metals and alloys with 
which the metallurgist actually deals. This is fundamental to any real 
understanding of the behavior of metals because, as in a masonry 
building, the properties of the structure as a whole are determined 
as much by the pattern in which the building blocks are laid as by the 
properties they exhibit when they are examined individually. 

2-1. Metal Crystals 

When a metal freezes, its component atoms assume an ordered 
arrangement relative to each other which satisfies completely the 
standard definition: “A crystal consists of atoms arranged in a pattern 
that repeats periodically in three dimensions.”* With certain very 
minor exceptions, which are discussed in later chapters, all solid metals 
are typically and completely crystalline. This is strongly reflected in 
their properties and behavior; and a large part of the text material that 
follows hinges upon discussions of their crystal structures and of altera¬ 
tions in these structures which occur under a variety of mechanical, 
thermal, and chemical conditions. This is true, for example, of sections 
dealing with permanent deformation of metals, directionality in their 
properties, influence of grain size, and effects of annealing and other 
heat treatments. 

So that these later discussions may be clearly presented and easily 
followed, it is necessary that certain of the principles and many of the 
traditional terms and methods of crystallography be fully understood. 
Chapter 2 will therefore be devoted to the vocabulary of crystallography 
and to those crystallographic principles and techniques which are 
important for a discussion of the internal structures of metals and alloys. 

1 C. S. Barrett. Slruclure of Metals, New York, McGraw-Hill Book Company, Inc., 1943. 
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2-2. Space Lattices in General 

In later chapters these principles and specialized terms will be used 
freely and without further explanation. 


2-2. Space Lattices in General 

In any discussion of crystal structures the concept of a space lattice is 
very useful, because the space lattice affords a convenient means both 
for describing the arrangement of atoms or molecules within a given 
crystal and for comparing these arrangements among crystals of dif¬ 
ferent types or in different locations. It is in this reference function that 
space lattices are univenally used, and this is, in fact, their only 
usefulness. 

A space lattice is a geometric construction, and it is nothing more. 


Fundamentally it is a system of space coordinates, similar in principle 


and in general application to 
the three-dimensional coordinate 
axes usually used in solid analytic 
geometry to describe three- 
dimensional bodies. A space 
lattice consists, however, not of 
lines but of points (although linear 
reference axes may, in turn, be 
used to describe the arrangement 
of the points). Further, by defini¬ 
tion, these points extend in¬ 
definitely in space in a regular 
arrangement within which each 
point has identical surroundings. 

In the regular and extended 



array of points which is a space 


lattice, each individual point has the same number of other points as its 
nearest neighbors; and the number, spacing, and angular relations of 
these nearest neighbors are the same no matter where in the space lattice 
the reference point may have been chosen. For example, if the simple 
cubic space lattice in Fig. 2-1 is continued indefinitely in space every 
point in it (represented by black dots) wiU have exacUy six nearest 
neighbors among the other points present. All of these nearest neighbors 
wih be equally distant from their own nearest neighbors, including the 
ongmal reference point, and each will Ue along one of a set of three 
rectangular reference axes originating at the reference point. This 





34 


Crystallography 

arrangement of points fulfills exactly the requirements stated above 
for a space lattice, and it is in fact the simplest three-dimensional 
arrangement of points that does so. 

Fig. 2-1 incidentally indicates the advantages of using a line lattice 
or plane lattice. The points themselves are the significant feature of any 
space lattice since, in actual crystals, they indicate the positions of atoms 
or of groups of atoms. However, in discussing the symmetry of the 
lattice or representing it in sketches, it is often convenient to connect 
the points of the space lattice by lines and so produce an equivalent 
line lattice. Further, the lines may be connected by planes to give a plane 
lattice, in which space is divided into prisms of identical size and shape, 
side by side, and in parallel arrangement. Intersections of planes then 
give the lines of the line lattice, and intersections of these lines in turn 
locate the original points of the space lattice. 

Through any group of points in a space lattice there could, at the 
discretion of the crystallographer, be constructed an infinite number of 
different networks of lines and of planes. Actually, the construction of 
lines and planes to produce line and plane lattices is always quite 
arbitrary, and their arrangement in any given case is dictated as much 
by convenience and conventional usage as by the arrangement of the 
points through which they must pass. It should be remembered, 
however, that the location of the points themselves is neither arbitrary 
nor conventional. In any given space lattice each point is definitely 
fixed in its position relative to all of its neighbors, and its position 
cannot be altered without destroying the symmetry of the overall 
arrangement of points—which would actually destroy the lattice itself. 

2-3. The Fourteen Possible Space Lattices 

It has been proved mathematically that there are fourteen and only 
fourteen different ways in which points can be arranged in space so 
that each point has identical surroundings. Therefore, only fourteen 
different space lattices are possible. The general arrangement of points 
in each is indicated by an individual sketch in Fig. 2-2. 

For many purposes the space lattice as a whole is most conveniently 
described in terms of a unit celly as has been done in the fourteen sketches 
in Fig. 2-2. The unit cell of a space lattice is the smallest parallelepiped 
having a lattice point at each corner which can be constructed within 
a given space lattice. For clarity in representing the important symmetry 
of certain lattices, it is desirable in some cases to construct the unit 



Reference Axes 


Crystal System 


Space Lattice 


1. Simple cubic 

2. Face-centered 

cubic 

3. Body-centered 

cubic 


4. Simple tetragonal 

5. Body-centered 

tetragonal 

6. Simple 

orthorhombic 

7. Base-centered 

orthorhombic 

% 

8. Face-centered 

orthorhombic 

9. Body-centered 

orthorhombic 

10. Simple 

rhombohedral 

11. Simple monoclinic 

12. Base-centered 

monoclinic 

13. Simple triclinic 


14. Simple hexagonal 


Fio. 


Unit Cell 




I 3 axes at right angles; 
f a=fi=y=9i)*. a=b=c. 




I 3 axes at right angles; 
f a=ti='i=90^, a=;6^f. 


3 axes at right angles; 
y a=^=y=90\a:^bjtc. 




3 axes equally inclined 
but not at right angles: 
a=^=Y^90", <i=6=r. 



One axis at right angles 
to the other two, which 
^ are not at right angles to 
each other; 

a=>=90'’^fl. a^b^c. 

3 axes not at right 
angles; _ _ 

3 coplanar axes at 120*’. 
a 4th at 90® to these; 
y^=t,=y^m\ 
««=oi=tt==90®. 


2-2. The Fourteen Space Lattices, 


Cubic (isometric) 


Tetragonal 


Orthorhombic 

(rhombic) 


Rhombohedral 

(trigonal) 


Monoclinic 


Triclinic 


Hexagonal 
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cells in such a way that they contain additional points at their centers 
of volume (in body-centered lattices) or at the centers of certain of their 
faces (in base-centered and face-centered lattices). However, to be unit 
cells at all, they must have lattice points at each corner and must 
always be parallelepipeds. Each face of a unit cell is therefore a paral¬ 
lelogram, with lattice points at all four corners. 

In the simple cubic lattice in Fig. 2-1, for example, the most obvious 
and significant planes that can be constructed are those which pass 
through the lattice points and make angles of 90° with each other. 
These divide the lattice into a large number of identical unit cubes, 
each of which is exactly one interatomic distance on each edge and has 
a lattice point at each corner. Side by side, and with every face common 
to two adjacent unit cubes, these fill space completely. Any one of the 
unit cells so produced might be taken to represent the space lattice as a 
whole since it is identical with every other cube in the lattice, and since 
the entire lattice might have been constructed by translating this single 
cell repeatedly through a distance of one interatomic spacing in each of 
its three dimensions. The simple cubic lattice may, then, be considered 
either to consist of a large number of identical unit cubes packed side by 
side, or to have been constructed by moving one unit cube repeatedly 
into adjacent positions above, below, and to each side of its original 
location. In either case, only one of the unit cells need be described 
to represent completely the point arrangement which exists throughout 
the entire space lattice, whose total extent is assumed to be infinite. 

Other unit cells than the cube might have been derived in the 
above case by constructing other sets of planes through the simple cubic 
lattice. Here, however—as is usually the case—the unit cell traditionally 
used is the one which satisfies the general requirements stated above 
for a unit cell and which has the shortest possible edges. Ordinarily 
such a unit cell is found to give the simplest geometric relationships in 
the unit cell itself, and the clearest possible picture of the overall 
symmetry of the space lattice as a whole. 

The length of an edge of the unit cell, representing the linear 
translation of the ceil which would be required to repeat its structure in 
the space lattice, is identified as the lattice parameter (or lattice constant 
or primitive translation) of the space lattice being discussed. It will be 
noted that the above paragraphs have not been concerned with linear 
spacing of points or actual dimensions of the unit cell because, for 
example, the space lattice would still be simple cubic whether its lattice 
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parameter were a foot, an inch, or a small fraction of a microinch. In 
practice, however, a space lattice is used almost exclusively as the basis 
for describing crystal structures of actual substances, in which atoms or 
molecules are associated with each lattice point. The dimensions of the 
unit cell in such a case arc determined by interatomic or intermolecular 
spacings in the crystal structure being examined, and arc found to be 
of the order of a few angstrom units on each edge. (Angstrom unit is 
abbreviated A, and 1 A = 10'* cm.) Tremendous numbers of unit 
cells arc required to make up a crystal large enough to be examined 
visually, and no single unit cell of a metal is large enough to be resolved 
even at the tremendous magnifications provided by the electron 
microscope. For example, the unit cell of pure copper is a face-centered 
cube which, at room temperature, occupies a volume of about 2.87 x 
10-24 cubic inch. In the smallest single crystal of copper which would 
be visible to the unaided human eye—say a cube 0.004 inch on the 
edge—there would be about 2.23 x 10'*' face-centered cubic unit cells. 

In spite of their minute individual dimensions, these unit cells 
represent by their symmetry the most important single feature of the 
internal structure of metals. 

2-4. The Possibility of Additional Space Lattices 

The mathematical proof that there are only fourteen difi'erent 
arrangements of points which can satisfy the definition of a space 
lattice is lengthy and difficult, but 
it is positive. It is confusing, there¬ 
fore, to find that some authors 
mention face-centered and base- 
centered tetragonal lattices, and 
occasionally others, none of which 
are listed by name in Fig. 2-2. 

Actually, all such possible lattices 

are represented in Fig. 2-2, but Fic. 2-3. Construction of Face-Centered 
under different names because. Tetragonal Unit Cell from Four Body- 
in each such case, a unit cell has Centered Tetragonal Unit Cells. 

been constructed which is different from that considered by these other 
authors to describe the same lattice. 

For example, Fig. 2-3 represents four adjacent unit cells of the 
body-centered tetragonal lattice. The lined planes indicate the con¬ 
struction, within this lattice, of a single face-centered tetragonal unit 
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cell. Obviously, ihe same arrangement of points might properly be 
described either as body-centered or as face-centered tetragonal 
(although the horizontal parameters in the two cases w’ould differ). 
In the list of possible space lattices, then, it is proper to include either 
body-centered tetragonal or face-centered tetragonal, but not both. 
The body-centered lattice is the one usually listed, since its unit cell 
is the smaller of the two.’ 

Similarly, the base-centered tetragonal unit cell can be reduced to a 
smaller unit cell which is simple tetragonal, and each of the other 
occasionally mentioned space lattices which does not appear by name in 
Fig. 2-2 can be demonstrated to be identical with one of the fourteen 
which do. 

Since construction and orientation of the unit cell are arbitrary, 
base-centered unit cells may have the two faces which contain centrally 
located lattice points either as c faces (parallel to the XY plane), as 
shown in Fig. 2-2, or as a or ^ faces (parallel to the YZ or XZ planes 
respectively). So long as any two opposite faces of the unit cell contain 
lattice points at their centers, the lattice is described as base-centered. 

2-5. Crystallographic Notation 

In discussing such important aspects of metal behavior as slip, 
twinning, and development of preferred orientation, it is often neces¬ 
sary to specify certain planes of atoms within a given cr>'stal, certain 
directions on these planes, or the orientation of particular crystals 
relative to each other or to a given surface or axis of a metal section. 
To do so, the metallurgist uses the standard terms and methods of 
crystallography. Although these were developed originally to describe 
the external form and symmetry of natural mineral crystals, they serve 
as well to describe the internal arrangement of atoms or molecules in 
any crystal, or of points in a space lattice. 

As will become evident in later discussions, the standard crystallo¬ 
graphic notation is not itself concerned with actual positions in space or 
with linear dimensions or distances. It serves simply to identify signifi¬ 
cant crystallographic features so that these may subsequently be located, 
measured, or described in other terms. 

2 It is worth noting that a similar construction can be used to derive a body-centered 
tetragonal unit cell from the face-centered cubic space lattice. However, this is not often 
desirable, because the higher degree of symmetry indicated by the face-centered cubic uni 
cell is a better indication of the properties to be expected of meul crystals whose structures 

are based on this lattice. 
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2-6. Reference Axes 

To describe cr>'stallographicaUy the arrangement of points or of 
atoms existing within a given space lattice or crystal structure, it is 
first of all necessary to define the unit cell of that arrangement. As has 
already been noted, this is a somewhat arbitrary procedure, and it is 
not completely consistent in principle or in results from one lattice or 
structure to the next, or from one author to another. However, certain 
convenient unit cells have become quite firmly fixed by tradition as 
offering a proper basis for discussing each of the fourteen space lattices 
and most of the common crystal structures, and these traditional unit 
cells will be used throughout the discussions that follow. 

Once a proper unit cell has been selected, it is next necessary to 
construct a set of linear reference axes by means of which this cell may 
conveniently be described. The axes themselves are constructed parallel 
to the edges of the unit cell, and—in discussing space lattices and crystal 
structures—their origin is usually placed at one of its corners. The point 
most often selected as the origin of reference axes is the lower left-hand 
corner of the face of the unit cell that is nearest to the obser\’er and 
normal to his line of vision. 

To describe the fourteen possible space lattices, and the multitude 
of actual crystal structures derived from them, seven different systems 
of reference axes are required. These differ from each other either in 
the angular relations among the axes, or in the relative magnitudes of 
the units of length used for measurement along these axes, or both. 

As is indicated in Fig. 2-2, cubic, tetragonal, and orthorhombic unit 
cells arc ordinarily described by use of three reference axes, each of 
which is at right angles to the other two. The rhombohcdral unit cell 
requires three reference axes which make equal angles with each other, 
but are not at right angles. To describe a monoclinic unit cell, one 
reference axis is constructed at 90* to the other two, which are not at 
right angles to each other. In triclinic systems, the three axes make 
unequal angles with each other, and none of these is a right angle. 
Finally, four axes are commonly used to describe hexagonal unit cells; 
three of these are coplanar and at 120°, while the fourth is normal to the 
plane containing the other three. However, as will be discussed later, 
geometric relations in hexagonal systems are such that no essential 
information is lost if one of the three coplanar axes is omitted when the 
system is described. This is frequently done, and the axis usually omitted 
is that identified in Fig. 2-2 as the A’j axis. 
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When three reference axes are used to describe a unit cell, they are 
usually identified as the X, 1', and Z axes, as is indicated in Figs. 2-2 
and 2-4. The X axis is that which is horizontal and approximately 
normal to the observer’s line of vision. The Y axis is also horizontal 


but is nearly parallel to the observer’s vision, and the Z axis is 
vertical or nearly so. Quite arbitrarily, it is usually assumed that 



Fig. 2-4. Designation of Reference Axes, 
Lattice Parameters, and Interaxial Angles. 


the positive direction on the X 
axis is to the right of the origin, 
the positive direction along the 
Y axis is away from the observer, 
and the positive direction on the 
Z axis is upward. When four axes 
are used to describe a hexagonal 
system, the axes are identified as 
the .^ 1 , A’ 2 , and X^ axes, which 
are coplanar, and the Z axis 
which is normal to the plane of 
the other three. 

To describe a uni t cell by refer¬ 
ence to such axes, it is necessary to 
define a unit of length along each 


of them. The unit used on each 


axis is the lattice parameter along that axis, i.e., the length of the edge of 
the unit cell that coincides with the axis in question. These unit lengths 


are ordinarily called a, i, and c. a is the lattice parameter in the X dimen¬ 
sion of the unit cell, b in the )' dimension, and c in the Z dimension. 


In describing a space lattice or crystal structure, parameters are always 
written in alphabetical order: < 2 , i, c. In both cubic and rhombohedral 
systems, however, the three edges of the unit cell are equal in length, 
and a = b =c; therefore, all three lattice parameters are usually 
denoted by the same constant, a. In tetragonal systems the X and Y 
parameters are equal, and a = b; only a and c, or a and the axial ratio, 
eja, are ordinarily specified. Here c can be either greater or smaller than 
a but cannot be the same, since, if c = fl, the system will be cubic 
rather than tetragonal. In hexagonal systems the unit lengths along 
all three coplanar axes are equal and all are called a, so that again only 
a and c or a and the axial ratio need be stated. In this case c may be 


greater than a, smaller than a, or equal to a. In orthorhombic, mono¬ 
clinic, and triclinic systems a, b, and c are usually unequal, so that all 
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three must ordinarily be specified. Instead, a and the two axial ratios 
bja and eja are occasionally stated, but it is usually more convenient to 

list the three parameters individually. 

When it is desirable to specify the angles that separate reference 

axes or the edges of a unit cell or actual crystal, the angles arc identified 
as a, and y, as is indicated in Fig. 2-4. The angle between the } and 
Z axes, and so “opposite” the a dimension, is called a. That between 
the X and Z axes, “opposite” the b dimension, is called and that 

between the X and Y axes, “opposite” c, is called y. 

When an actual crystal structure is examined by the methods of 
X-ray diffraction, angles a, /S, and y are measured in degrees, and a, b, 
and c are measured in angstrom units. In cubic, tetragonal, ortho¬ 
rhombic, and hexagonal crystals, the axial angles are always the same 
and so are not distinctive. In rhombohedral, monoclinic, and triclinic 
systems, they are one basis for identifying the material being studied. 
However, metallic crystals are comparatively rare in these latter 
systems, and so the main reliance in identifying crystalline materials 
by diffraction methods is upon precise measurement of lattice parame¬ 
ters. Each different substance, and even different compositions of the 
same type of alloy or the same composition in different conditions of 
heat treatment or of mechanical work, has a different and distinctive 
set of lattice parameters. These can be used for positive identification of 
unknown materials even in samples that arc microscopically small. 

2-7, The Seven Crystal Systems 

The crystallographic necessity for using seven systems of reference 
axes differing in axial angles or in relative magnitudes of axial para¬ 
meters, or both, has given rise to the seven crystal systems commonly 
used in the classification of natural minerals. These are listed in Fig. 
2-2 as cubic, tetragonal, orthorhombic, rhombohedral, monoclinic, 
triclinic, and hexagonal. 

In mineralogy, however, it is common to describe rhombohedral 
crystals by reference to the same system of axes used for hexagonal ones, 
thus reducing the total number of crystal systems to six. The relation¬ 
ship that makes this possible is illustrated in Fig. 2-5, where a simple 
rhombohedral unit cell is shown oriented relative to both rhombohedral 
and hexagonal reference axes. In Fig. 2-5A the Z axis of the hexagonal 
coordinate system is normal to the plane of the sketch, through point a, 
and the orientation of the unit cell is such that this axis passes through 
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its opposite corners, marked a and 0 in Fig. 2-5a. It is evident that 
in the plan view in Fig. 2-bb angles of 120° do exist between edges fli, 
ac. and ad of the unit cell when these are projected into the plane of the 
coplanar axes, and also between Oe, Of, and Og, similarly projected. 
This is true whenever three faces meet at a corner of the unit cell and 
have equal corner angles there. Consequently it is possible, for example, 
to orient cubic as well as rhombohedral unit cells according to hexagonal 
axes simply by causing the Z axis of the hexagonal coordinate system to 
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Fic. Simple Rhombohedral Unit Cell Referred to 

’■a) Rhombohedral and (6) Hexagonal Reference Axes. 

coincide with a cube diagonal. This converts cube faces to pyramidal 
faces, and somewhat obscures the very high degree of symmetry 
actually possessed by a cube. For most purposes, of course, this is 
undesirable. 

At least in discussing the internal symmetry of rhombohedral 
lattices and crystals, use of hexagonal reference axes is undesirable for 
the same reason that it is for a cube, and in almost an equal degree. 
Points b, c, and d (Fig. 2-5) are coplanar; points e,J, and g are also 
coplanar; and planes bed and ejg appear parallel to but equally spaced 
above and below the coplanar axes (A',, Xi, and .<^ 3 ) of hexagonal 
coordinates. This leads to serious difficulty in identifying the faces of 
the unit cell and other significant planes through it, and obscures the 
relatively high degree of symmetry revealed, for example, in Fig. 2-5fl. 
In metallurgy', therefore, the natural differences between rhombohedral 
and hexagonal arrangements of points, atoms, or molecules are empha¬ 
sized by using different sets of reference axes in describing the two. 
The resulting convenience and clarity of description seem in general to 
outweigh the supposed inconvenience of defining reference axes for a 
seventh cry stal system. 
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2-8. Intercepts c •. 

In addition to the planes bounding a unit cell, there are an tnfin.te 

number of other planes and groups of parallel planes that tan b( 
constructed through the points composing a space lattice or throug t 
the positions of atoms composing an actual crystal. Quite often some of 
these other planes are more important in controlling the properttes of a 
given crystalline material than are those which represent faces of uni 
cells. Positive identification of any selected plane or group of parade 
or similar planes is therefore essential to any discussjon of crystal 
behavior, and the direct means for this identification is found m the 
use of either intercepts or indices for the plane or planes m questmn. 

The intercepts of any given plane are the distances from the origin 
of the reference axes at which that plane intersects each axis. These 
distances arc always measured in 


terms of fractions or multiples of 
the lattice parameters along the 
individual axes, i.e., in terms of 
the unit distances <j, b, and c 
defined in Section 2-6. Thus, a 
plane which cuts the A axis at a 
distance from the origin equal to 
^ of the a dimension of the unit 
cell is said to have an A’ intercept 
of the unit a being understood. 
If the same plane also intersects 
the y axis at a distance \b from 
the origin, its }* intercept is said 
to be {y even though the unit of 
measurement, b, along the 2* axis 



Fic. 2-6. Idenlilicaiion of Planes by 
Their Intercepts. 


may be cither larger or smaljcr than the a parameter. Finally, if the 
plane is parallel to the Z axis so that it does not cut this axis at all, its 
Z intercept is listed as oo; i.e., it is infinitely great. The particular plane 
just described, with intercepts i,co, is crosshatched in Fig. 2-6. A 
similar derivation shows that the right-hand face of this unit cell (dotted) 
has intercepts 1,qo,oo; its top face (lined) has intercepts oo, oc, 1, etc. 


2-9. Miller Indices 

Repeated studies of planes of atoms that arc important in deter¬ 
mining the properties of actual crystals have led to a generalization 
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concerning these planes which is now usually called the law of rational 
indices. Most simply this may be stated: the ratios among the intercepts 
of any significant plane through a crystal can always be expressed by 
rational numbers—for example, by the numbers 2, 3, 0, or co, but 

never by such numbers as i/v2 or 7.69537..., etc. In less simple but 
actually more significant form, the same law may be restated: the 
reciprocals of the intercepts of any significant plane are always rational 
fractions whose common denominator is a relatively small integer. It is 
this latter statement of the law of rational indices which explains both 
the justification for and the derivation of Miller indices. 

Miller indices for any given plane are derived from its intercepts by 
a series of simple calculations in which both fractions and infinity 
symbols are eliminated. They are therefore simpler to write and easier 
to tabulate than intercepts, and, as will be shown, they offer a concise 
means of identifying w hole series of parallel or equivalent planes which 
differ in position or in orientation but not in properties or in crystallo¬ 
graphic and physical importance. Consequently, Miller indices are far 
more widely used than are intercepts for the identification of planes in 
crystals and in space lattices. 

In accordance with the law of rational indices, the intercepts m, n, 
and p of any significant plane within a crystal may be restated as 
reciprocal intercepts in the form \lm^ 1/n, and \lp. These fractions have 
a common denominator x, which is a small integer, and so they can be 
reduced to the form hjx, kjx, Ijx, where h = xjm, k = x/«, / = xjp. The 
numerical values of h, k, and /, so derived, are always either whole 
numbers or zero. By omitting the common denominator x, which has 
mathematical significance only, these three numbers may be stated in 
the form {hkl) as the Miller indices of the plane, and in this form serve 
instead of its intercepts to identify it. 

In line with these general steps, then, to determine the Miller indices 
of any given crystallographic plane it is necessary to: 

1. Select as the origin of the reference axes some point which is 
outside of the plane of interest, so that intercepts of zero will be avoided. 

2. Determine the intercepts of this plane on the reference axes in 
terms of fractions or multiples of the unit distances a, and c along the 
axes. For example, a plane which intersects the X axis at ^<i, the / axis 
at b, and the Z axis at Zc has intercepts 1, 3. 

3. Take reciprocals of these numbers. In the above example, 
reciprocal intercepts arc 2, 1, 
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4. Reduce the resulting reciprocals to the smallest possible rational 
fractions which have a common denominator. In the example cited, the 
least common denominator is 3, and the reciprocal intercepts become 

i i, i 

5. Omit the common denominator and enclose in parentheses the 
numerators of these fractions in order, to identify them as Miller indices. 
Miller indices of the plane used in the above example are (631). Except 
when indices of 10 or higher are encountered, which is rare, the three 
indices are not separated by commas or other punctuation. 

Any plane which intersects an axis on the negative side of the origin 
has a negative sign attached to that particular intercept, and this appears 
finally as a negative Miller index. For convenience, the negative sign 
is written over rather than before the index to which it refers. Thus a 
plane whose intercepts are 2, — 1, oo has reciprocal intercepts ^, — 1,0; 
these reduce to —f, f and yield Miller indices (120). 

s-io. Sets and Families of Planes 

In the procedure for deriving Miller indices outlined in the pre¬ 
ceding section, Step 4 was to reduce the reciprocal intercepts to the 
smallest possible rational fractions which have a common denominator. 
As a result of this reduction, all planes that are parallel to each other 
and are on the same side of the origin have the same Miller indices. 
For example, the planes whose intercepts are 1, 2, 6 and 2, 4, 12 are 
both parallel to the (631) plane described in Section 2-9. Reciprocal 
intercepts for these other planes are I, i, i, and i, i, respectively. 
These reduce to i and and so give indices (631) for 

both of these planes—and for all other planes which are parallel to them 
and whose intercepts are positive. Planes parallel to these but on the 
o^er side of the origin have negative intercepts and Miller indices (63T). 
Since location of the origin of reference coordinates is entirely arbitrary, 
there is actually no difference between a (631) and a (63T) plane! 
Therefore, the usual statement that all crystallographic planes which 
arc parallel to each other have the same Miller indices is correct only 
if it is remembered that simultaneous reversal of signs of all three indices 
does not actually represent a change in indices, but rather an arbitrary 
translation of the origin of the reference axes. The artificiality of 
dis^guishing between a (100) and a (TOO) plane, for example, will be 
cadent from examination of Fig. 2-7. Nevertheless, this distinction is 
often made, and it sometimes results in real confusion. To an even 
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greater degree this is true of planes of the (1 U) type, as will be noted 
in later sections. 


All planes which are parallel to each other and which pass through 
points of the same space lattice or atoms of the same perfect crystal 
structure contain, per unit area, the same number of points or of atoms, 
identically arranged, and similarly related to points or atoms that are 
outside of their own plane. Since these planes are identical in properties 
and in orientation, it is often convenient to consider them together as 
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a set of planes. A set of planes is 
defined as a series of parallel 
planes so spaced that every’ point 
in a space lattice or every atom 
in an ideal crystal is contained 
within one or another of the 
planes considered, and no plane 
in the series is completely devoid 
of points or atoms. Thus, in Fig. 
2-7, the (100) set of planes in¬ 
cludes the plane there identified 
as (100), plus an infinite scries of 
planes parallel to it but intersect¬ 



ing the X axis at 2a, 3a, etc., plus 


Fic. 2-7. The {100} Family of Planes in plane which contains the 7 

the Simple Cubic Space Lattice. ^ another infinite 


series of planes parallel to (100) but with X intercepts of a, 2a, ^ 3a, 
etc. While planes to the left of the origin are commonly described as (100) 
planes, they are actually members of the (100) set, distinguished from 
other members of the same set only by arbitrary location of the origin 
of the reference axes. In the same way, the (OTO) planes arc actually 
members of the (010) set, and the (OOT) planes members of the (001) set. 

The desirability of considering parallel planes together in terms of a 
set of planes is evident from the iacl that .my given line through a metal 
crystal of observable size intersects a tremendous number of adjacent 
unit cells. There is, within the crystal, at least one of these parallel 
planes present for each unit cell encountered by such a line; and m a 
perfect crystal each of these planes is identical with all of the others in 
its response to external load, to heat, to chemical attack, etc. In 
generalizing concerning the behavior of the crystal as a whole, it is 
therefore usually desirable to identify and discuss planes as mem ers o 












2-U. Indices of Direction 

a set rather than as individuals. So far as Miller indices are concerned 
it is fortunate that this is true, since a specific plane cannot be identified 
by its Miller indices alone. Only the set of which the plane in question 
is a member can be so identified; the plane itself must then be identified 
by use of a linear measurement in a specified direction from some fixed 
point of reference. Fortunately, identification of a single plane within 

a crystal is not often either necessary or desirable. 

It is also somewhat artificial to distinguish between planes m the 
same structure which are identical in their arrangements of points or 
atoms and which differ only in orientation. In Fig. 2-7, for example, an 
(001) face of the cube can be transformed into either an (010) ora (100) 
face by rotating the space lattice through 90° or by rotating the 
reference axes through 90°. In cither case the arrangement of points and 
the symmetry of this arrangement would be exactly the same after 
rotation as it was before. Except when orientation relative to a specific 
set of fixed axes is important, it is therefore convenient to group the (001), 
(010), and (100) sets of planes together in the {\00} family of planes. 
Curly brackets (braces) are used instead of parentheses around the indices 
to indicate that the whole family of equivalent planes is being discussed 
instead of a single set. The {100} family, then, includes all planes whose 
indices are (100), (TOO), (010), (OTO), (001), and (OOT). The physical 
significance of the {100} family of planes is evident from Fig. 2-7; {100} 
planes are considered to represent cube faces in general. 

In general, the Miller indices of all planes included in a given 
family can be derived by interchanging the three indices or changing 
their signs, both changes being equivalent to rotating the lattice or 
structure around its reference axes.^ This has already been exemplified 
by the {100} planes. Similarly, the {110} family includes all planes 
whose indices are (110), (iTO), (TlO), (TTO), (lOlJ, (TOl), (lOT), (TOT), 
(Oil), (Oil), (OlT), and (OTT). Since (110) and (TlO) are actually planes 
of the same set, as are (iTO) and (TlO), (101) and (TOT), etc., the {110} 
family in reality includes only six sets of planes. 


2-11. Indices of Direction 

Any significant direction within a space lattice or crystal structure 
can be identified by means of Miller indices of direction. In general 
form these resemble the Miller indices used to designate planes, but 
their derivation and significance are quite dififerent. 

5 An exception to this will subsequently be noted for Miller indices in hexagonal systems. 
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In dealing with indices of direction, it is first of all necessary to 
realize that directions in space are always the same no matter what the 
reference point from which they arc determined. Thus, if the earth’s 
surface were flat, east would be exactly the same direction whether 
determined in Seattle, Denver, or Miami. The direction east could, 
then, be represented by any one of an infinite number of directional 
vectors each of which is parallel to all of the others. Similarly, in a 
space lattice or crystal structure, any one of an infinite number of 
parallel vectors might be used to represent a specific direction. For 

convenience, the vector which 
passes through the origin of the 
reference coordinates is ordinarily 
used to determine directional 
indices, and the origin itself is the 
usual reference point from which 
the indices are calculated. How¬ 
ever, indices thus determined 
apply as well to any other line 
parallel to it as to the directional 
vector actually used in deriving 
them. 

Suppose that some significant 
direction through a space lattice 
is represented by a line through 
the origin, and that this line also 
passes through some point, F, 
in space. The position of a line is uniquely established when any 
two points along it are stated; since it is known initially that this 
line passes through the origin, the line itself may be identified simply 
by stating the coordinates of point P. These coordinates, expressed in 
terms of the lattice parameters fl, b, and c, and reduced to the smallest 
integers which still maintain the original ratios among them, are 
the Miller indices of the direction in question. The indices are en¬ 
closed in square brackets to indicate that a direction rather than a 
plane is being described, and so appear in the general form \uvw]. For 
example, if point P in Fig. 2-8 can be reached from the origin by 
successive motions of 4a in the X direction, Zb in the Y direction, and 5tf 
in the Z direction, the coordinates of P are 4, 3, 5, and the indices of 
the direction shown are [435]. This same directional vector also passes 



Fic. 2-8. Derivation of Miller Indices of 

Direction. 
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through another point only half this far from the origin—at coordinates 
2, li^. 2-J—and through additional points at 8, 6, 10, and 12,9, 15, etc. 
since directional indices are always expressed in terms of the smallest 
integers which will describe a motion from the origin to a point on the 
vector being considered, any one of these other points may be used as 
the basis for deriving indices; the three coordinates of each such point 
are divided by the greatest common denominator that will yield 
integers as the dividend, and the indices so derived are [435] in each 
case. In general, therefore, and no matter from what reference point 
they are actually derived, directional indices may properly be described 
as the coordinates of the point nearest the origin whose coordinates are 
integers and through which a line drawn from the origin in the desired 
direction must pass. 

It is frequently desirable to derive directional indices for a line 
that does not pass through the origin. This can be done in any of three 
ways, all of which yield identical indices. (1) A directional vector may 
be constructed through the origin parallel to the line in question, and its 
indices derived as described above. Since it is parallel to the original 
line, a second line so constructed represents the same direction and has 
the same indices. (2) Since the position of the origin is established 
arbitrarily in the first place, the origin may simply be moved to some 
point that does fall on the line in question. (3) Any selected distance 
along the line in question may be projected in turn upon the X, T, and 
2 axes, and these three projected distances can then be used exactly as 
were the coordinates of point P in the example above, in deriving 
indices of the direction. Actually, this is equivalent to constructing a 
line through the origin parallel to the original vector, and determining 
indices from it. 

Of these three techniques, the first is the one most commonly used, 
although the second is often simpler and quicker. 

Negative indices of direction appear if any of the three coordinates 
of point P are negative. Thus, a direction opposite to that represented 
by point P in Fig. 2-8 must pass through the point at coordinates 
-4,-3,-5, and so has indices [435]. Similarly, the positive A' axis is 
the [100] direction and the negative axU is the [TOO]; the posidve 
2"axis is the [010] direction and the negative r axis is [OTO]. 

Just as there are families of equivalent planes in space lattices and 
m cr>^^ structures, so also there are famiUes of equivalent directions. 
In cubic systems, for example, the positive and negative A, T, and 2 
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axes are interchangeable by rotations of 90®. They are therefore 
described together as the <100'> family, which includes [100], [TOO], 
[010], [OTO], [001] and [OOT] directions. Carets are used instead of 
square brackets to indicate that the whole family of reference directions 
is being considered together instead of the positive X axis, or [100] 
direction alone. Similarly, body diagonals of the unit cell are the <l 11 > 
family of directions, and face diagonals the <110> family. Miller indices 
for equivalent directions within a family can be derived by interchang¬ 
ing the indices and changing their signs in all possible combinations.^ 

Thus, the < 110) family of direc¬ 
tions includes [110], [110], [iTO], 

[TT0],[101 ],[T01 ], [lOl], [M], 
[011],[011],[0lT],and [Oil]. 

It happens that in cubic sys¬ 
tems the indices of any given 
plane are the same numerically 
as the indices of the direction 
which is normal to that plane. In 
Fig. 2-9, for example, the cross- 
hatched diagonal plane (one of 
the so-called octahedral planes 
of the cubic unit cell) has inter¬ 
cepts 1, 1, 1 and Miller indices 

(111). Evidently it is normal to 

Fig. 2-9. Relationships Between Indices diagonal that extends 

of Planes and Indices of Directions in a ... , • 

Cubic Lattice. from the origin through the point 

at coordinates 1 , 1 , 1 ,-which is the 
[Ill] direction. The top face of the unit cell is the (001) plane, and it 
is normal to the positive Z axis, or [001] direction. This numerical 
relationship exists for all planes and directions in cubic systems, and 
for a few of the planes and directions in tetragonal, orthorhombic, and 
hexagonal systems. However, it does not apply at all in rhombohedral, 
monoclinic, or triclinic lattices or crystals, nor to most of the planes and 
directions in tetragonal, orthorhombic, or hexagonal ones. It is a 
common mistake to assume that planes and directions in any system 
are normal to each other if they have like indices, and this has, of 
course, led to serious—and very easily avoided—errors in crystallo¬ 
graphic description. 

* Again, hexagonal systems are exceptional in this respect; this is discussed in Section 2-13. 
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To avoid confusion in deriving directional indices, it is important 
to remember that coordinates are used and not intercepts, and that the 
computation does not involve taking reciprocals. Miller indices of 
direction are simply the coordinates of the point nearest the origin 
through which a directional vector from the origin must pass, reduced to 
the lowest integers which still maintain the original ratios among them, 
and enclosed in square brackets. 

•>12. Millcr>Bravais Indices 

Miller indices are widely used in discussing hexagonal space lattices 
and crystal structures, as they are for all others, and they will be the 
only type used for this purpose in the chapters that follow. However, 
Miller^Bravais indices, a modiheation of Miller indices, are also widely 
used for hexagonal systems, and their use has certain definite advan¬ 
tages. Therefore, they deserve at least a brief discussion here. 

In the Miller-Bravais system of indices, planes in hexagonal lattices 
and crystal structures are described by reference to four axes—A'j, X 2 , 
Xyt and Z, as illustrated in Fig. 2-2. Four indices, of the type (Aitil), are 
therefore used to identify any given plane. These four indices are derived 
exactly as was outlined in Section 2-9 for Miller indices. For example, 
a plane intersecting the Xi axis at distance ^ from the origin, the X 2 
axis at —parallel to the axis, and cutting the Z axis at distance 2r 
from the origin, has intercepts i,— 00 ,2. Reciprocal intercepts are 
2,-2, 0, which reduce to f,—f, f, i. Miller-Bravais indices for the 
plane in question are (4^1). 

Because of the geometry which relates the Xi, X 2 , and Xy axes, the 
third of the four Miller-Bravais indices is always equal to the algebraic 
sum of the first two with its sign changed. This can be demonstrated as 
follows: 

The intersection of some plane, whose indices are to be derived, 
with the plane of the X 2 t and .^3 axes is represented in Fig. 2-10 by 
line PP. It cuts the Xi axis at some distance d from the origin, the X 2 
axis at some ^tance e from the origin, the Xy axis at some distance —/ 
from the origm, and the Z axis (which is not shown) at some distance u 
from the origin. The negative intercept on the .^3 axis results from the 
fact that a plane intenecting the positive X^ and positive X 2 axes 
necessarily cuts the X^ axis on the negative side of the origin. 

Reciprocal intercepts for this plane are I/d, 1 /r, -l/f and l/x. 
These are converted to fractions having a least common denominator 
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by multiplying them in order by factors mjm, nin, pip, and y/y, such that 
md = ne = pf = uv. When this has been done the reciprocal intercepts 
become mlmdy nine, —pipf, and vjuv, and they have a common denomi¬ 
nator. The Miller-Bravais indices of this plane are {mnpv). 

If, in Fig. 2-10, line g is constructed parallel to the X 2 axis, there is 
produced an equilateral triangle in which g =: h =f. Ako, from similar 
triangles, dl{d — h) = efg. Substituting/for its equak, g and h, in this 
equation, we have 

dl{d -/) = elf, 

or e = dfl{d -/). 

Since, from the preceding paragraph, md = ru, 
then m = nejd = ndfld{d -/) = nff{d —f), 

and m + n = nff{d — /) -f- n = ndl{d — f). 

Similarly, since ne = pf 

then p = nejf = ndfjfd —/) = ndl{d — /). 

Numerically, therefore, m n = p. 

The third index of plane PP, as derived above, was —p. —p is now 
shown to be equal to the sum of the first two indices, m + n, with its 
sign changed, and this is always the case for Miller-Bravais indices. It 
may be exemplified by the indices of the {ll20), (3T22), (4401), and 
many other actual planes. 

Since the third Miller-Bravais index is always uniquely determined 
by the first two, no information is lost if it is omitted. For example, 
indices of the (2TT0) plane are sometimes written (2T'0), a dot replacing 
the third index. More commonly, however, if the third Miller-Bravais 
index is to be omitted, Miller indices are used instead—in which case 
the third axis, as well as the intercept and index corresponding to it, is 
omitted. Miller indices for the plane in question are (2T0), and conver¬ 
sion to Miller indices from the Miller-Bravais is accomplished by 
omitting the third Miller-Bravais index. Thus, Miller indices for the 
planes mentioned above are {mnv), (110), (3T2), and (44l). Conversely, 
conversion to Miller-Bravais from Miller indices is accomplished by 
interposing between the second and third Miller indices an additional 
index that is equal to the sum of the first two with its sign changed. 

Hic principal advantage of Miller-Bravais indices is that, when they 
are used to describe hexagonal systems, planes or directions of the 
same family always have similar indices. This is not always true when 
Miller indices are used for hexagonal systems. For example, a hexagonal 
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prism such as that sketched in Fig. 2-11 appears very commonly in 
hexagonal structures. It is evident that the six vertical faces of the prism 
arc equivalent to each other and so are members of the same family of 
planes. In the Miller-Bravais system these are described as the {lOTO} 
fa mil y, and their relationship is evident from the indices of the three 
sets of planes which compose the family: (lOTO), (OlTO), and (iTOO). 
In Miller indices this is the {100} family and includes the (100), 
(010) and (iTO) sets of planes. Here the close relationship and actual 
similarity of the prism faces are somewhat obscured by the use of 
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indices which appear as dissimilar as do (100) and (lIO). In spite of 
this disadvantage, Miller indices will be used exclusively in the chapters 
that follow, both for consistency (since they are also used for all systems 
other than hexagonal ones) and because of the difficulties involved in 
deriving Miller-Bravais indices of direction, which are discussed below. 
However, even when Miller indices are used, the third coplanar axis 
will frequently be included in sketches illustrating hexagonal systems, 
in order to emphasize their true hexagonal symmetry. 

2-13* Hexagonal Indices of Direction 

Major disadvantages of the Miller-Bravab system of indices are the 
difficulty.of deriving Miller-Bravais indices of direction and the 
apparent complexity of the indices that result. Essentially, these 
difficulties result from the necessity of projecting a directional vector 
onto three instead of just two coplanar axes—a problem in geometry 
that is unfamiliar to most metallurgists. 

Suppose, for example, that indices are to be derived for the simplest 
of all directions in a hexagonal system, that of the positive axis. In 
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deriving Miller indices, where only the X^, X 2 , and Z axes are used, 
the directional vector considered would be the JTj axis itself. Since this 
passes through the origin and through the point at coordinates I, 0 , 0 , it 
is evidently the [100] direction. In Miller-Bravais indices, however, it 
is the [ 2 TTO] direction. 

The derivation of Miller-Bravais indices for the positive .<^1 axis 
is best illustrated by considering a directional vector such as BC (Fig. 
2 - 12 ), which is parallel to the X^ axis but passes through points on the 
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X 2 and A '3 axes at a distance la 
removed from the origin of the 
reference axes. A convenient 
length for use in projection is 
represented by segment be of this 
vector. When be is projected 
parallel to the ^^3 axis, it intersects 
segment Oe along the negative X 2 
axis and also segment Od along 
the Xi axis. When be is sub¬ 
sequently projected parallel to 
the X 2 axis, it intersects a segment 
bO along the X^ axis and also a 
second segment, eO^ along the 


Xi axis. Subsequent projections 
parallel to the X^ and Z axes give only dimensionless points on the X 2 


and .^3 axes, and these have no significance. 

The signs of these projected distances are determined by the sign 
of the projected directional vector. The total projected distance on the 
Xi axis, eO + Od, is therefore equal to +2a; on the X 2 axis it is —a; 
and on the X^ axis it is also —a (since, although it falls on the positive 
side of the origin, the direction considered is from b to 0, which is the 
negative direction along the axis). The projection of be on the Z axis 
is a point, and so the indices of the BC direction, and of the positive 
Xi axis, are found to be [2TT0]. As is always true in the Miller-Bravais 
system, the third index is again equal to the sum of the first two with 


its sign changed. 

The principal advantage of Miller-Bravais indices of direction is 
that equivalent directions have similar indices. Thus, the positive Xi 
axis is the [2TT0] direction, the positive .<¥2 axis is [T 2 TO], the positive 
X^ axis is [TT20], etc. In hexagonal systems this is not true of Miller 



55 


2 - 13 . Hexagonal Indices of Dircctien 
indices, where, for example, these same three equivalent directions 

have indices [100], [010], and [TTO]. i ■ i •* KVh 

Although their use docs tend to obscure the real similanty which 
exists between members of the same family, Miller indices of direcuon 
are far simpler to derive than arc Millcr-Bravais indices of direction. 
Further, from wide use in connection with cubic systems, which arc 
extremely common, Miller indices are somewhat more famiUar in 
crystallography than are MUlcr-Bravais indices. Therefore, Miller 
indices arc now widely used in discussing directions in hexagonal 
systems, and will be used exclusively for this purpose in the secdons 
that follow. It would be most illogical to use Miller indices for direc¬ 
tions and Miller-Bravais indices for planes, and so both plane* and 
directions in hexagonal systems will hereafter always be identified by 
their Miller indices. 

Millcr-Bravais indices arc, however, frequently used by other 
authors; therefore it is important to realize that Miller and Millcr- 
Bravais indices of direction cannot be intcrconvcrtcd by simply adding 
or removing an index which corresponds to the Xy axis. That this is 
true is evident from the fact that the [100] and [2TT0] directions arc 
identical. In fact, mathematical conversion of directional indices from 
one system to the other is usually both more complex and more tedious 
than is separate derivation of the two sets of indices from their own 
systems of reference axes. 



CHAPTER 3 


Crystal Structures 

In the study of metals, space lattices are important principally 
because they represent the positions about which, in perfect metal 
crystals, atoms or groups of atoms would vibrate. The arrangement of the 
atoms themselves is properly referred to as the crystal structure. In several 
important respects a crystal structure differs significantly from the space 
lattice to which, for convenience of description, it is usually referred. 

3-1. Solids, Liquids, and Gases 

When a solid metal is sufficiently heated, it melts and is converted 
into a liquid; if heating is continued, the liquid eventually boils and 
the metal is transformed into a vapor. To produce these commonplace 
but actually quite remarkable changes in physical state, a considerable 
amount of thermal energy must be supplied to the metal. Most of the 
thermal energy absorbed by the metal as its temperature rises appears 
within it as increased kinetic and potential energy of the atoms of which 
it is composed. At a higher temperature, then, vibration of individual 
atoms within a given piece of metal is more intense than at any lower 
temperature. Further, as the temperature rises, collisions between 
individual atoms become more violent, the rebounds of the atoms have 
greater amplitude, and each atom occupies a slightly greater volume. 
One direct indication that this is the case is found in the fact that metals 
ordinarily expand continuously as they are heated, whether they are 
solid, liquid, or gaseous. 

From the sequence of events outlined above, it is evident that a metal 
vapor represents the highest-energy condition among the three physical 
states in which a given metal can exist. Within a vapor the kinetic 
energy of individual atoms is so great that it entirely overcomes their 
gravitational and chemical attraction for each other. Compared to the 
average spacing of atoms in a liquid or solid metal, therefore, the atoms 
in a vapor are very widely separated. Their motion is a continuous, 
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3-1. Solids, Liquids, and Gases 

rapid, independent, and completely random vibration restneted only 
by their collisions with each other and with the walls of whatever vessel 
contains the vapor. The arrangement of atoms in a gas changes con¬ 
tinuously, but at any given instant it is completely unordered. 

As a gas is cooled it loses heat, and it loses the energy which that 
heat represents. As the temperature drops, then, the average kinetic 
energy of the metal atoms diminishes; their average velocity is reduced, 
and so is the intensity of their collisions and rebounds. At constant 
pressure each atom requires less space, and so the volume of the gas as a 
whole is reduced as its temperature falls. Because atoms are closer 
together at the lower temperature, the attractive forces between them 
are stronger, and individual atoms continuously lose some of their 
independence as they give up energy in the form of heat. 

Eventually, as cooling of a gas is continued, its component atoms 
approach each other so closely that their reduced kinetic energy cannot 
completely overcome their attraction for each other. Then, at some 
specific temperature (the boiling point) the atoms assume a definite and 
much closer average spacing relative to each other, and as they do so, 
they give up a specific amount of energy as heat of condensation (or 
latent heat of vaporization). As the vapor condenses into a liquid, its 
atoms lose much but not all of their independence. They are still free 
to move around and past each other, and so the liquid is a fluid and 
adapts itself readily to the shape of any vessel in which it is contained. 
Diffusion within it is still quite rapid, heat transfer by convection is still 
possible, and the liquid can be stirred. On the other hand, the average 
interatomic spacing within a liquid is fixed, and so, therefore, is its 
specific volume at any given temperature. A liquid lacks the remark¬ 
able compressibility of a gas, and under the influence of the earth’s 
gravitational field it tends to maintain a horizontal upper surface 
instead of expanding freely into the space above it as a gas would do. 
There is, then, a great deal of freedom in the motion of atoms in a 
liquid, but certain limitations have been imposed upon this motion 
which do not exist in the motion of the atoms in a vapor. 

Relations among the atoms in a liquid are somewhat similar to 
those that exist among the individual spheres in a cup full of marbles 

1 This applies to any other gas as well as to a meullic vapor. But in roost ordinary gases— 
roch as oxygen, niuogen, hydrogen, carbon dioxide, methane, and steam—the particles 
involved arc molecules made up of two or more atoms chemically combined. Metal vapors, on 
the other hand, typically consist of single atoms. While this is also true of the inert gases, 
monatomic gases are otherwise rare. 
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which is being shaken continuously: the average center-to-ccntcr 
distance between adjacent spheres is fixed, although they vibrate 
continuously and move rather freely around and past each other. 
Certain arrangements of the marbles—principally those in which they 
are packed together as closely as they can get—frequently appear 
locally, but these are destroyed again almost insUntly by the agitation 
of the marbles in the group and bombardment by their neighbors. 
Within a liquid also, temporary associations of groups of atoms into 
definite patterns are very common, but again these are broken up by 
thermal agitation almost as soon as they form. 

As the temperature of a liquid drops below the boiling point, its 
component atoms continue to lose kinetic energy, which appears as 
sensible heat. The average interatomic distance diminishes con¬ 
tinuously, the liquid contracts, its viscosity increases, diffusion and 
convection grow slower, and the temporary groupings of atoms de¬ 
scribed above become both more numerous and less easily destroyed. 
Finally, at the freezing point, the kinetic energy of the liquid atoms is 
so low that they can no longer disrupt the pattern of the group, and 
these symmetrical groupings of atoms become stable. Thereafter, as 
adjacent atoms in the liquid come within range of the attractive forces 
exerted by the group, they “fall into step” with it instead of destroying 
it, and give up a definite amount of energy (as latent heat of fusion) as 
they do so. At the freezing point, then, the attraction of neighbouring 
atoms finally predominates over the kinetic energy of individual ones; 
the symmetrical groups formed accidentally within the liquid become 
stable, and thereafter they serve as nuclei for the orderly accretion of 
neighboring atoms as the molten metal freezes. 

3-2« Crystalline vs. Amorphous Solids 

As a metal freezes, its component atoms assume a permanently 
ordered arrangement relative to each other, typified by the symmetrical 
groupings described above, and to be contrasted with the disordered 
condition of atoms in metallic liquids and vapors. 

A definite and orderly internal structure, repeated in three dimen¬ 
sions, is the essential characteristic of a crystalline material. External 
symmetry—development of plane crystal faces of observable dimen¬ 
sions—is merely one evidence of the existence of such an internal 
symmetry. It is a familiar one, because it is common among mineral 
specimens and other inorganic crystals. However, it is rare among the 
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meUls, which ordinarily freeze in such a way that adjacent ci^tals 
obstruct each other as they grow and so complete their solidification as 
inegular polyhcdra (xenomorphic or aUotriomorphic crystals) instead 
of developing the regular, plane faces of idiomorphic crystals. With or 
without crystal faces, however, all ordinary metals are truly crystalline 
because of the orderly internal arrangement of their component atoms. 
Their crystallinity is strongly reflected in their mechanical and physical 
properties, as will become evident in later discussions. 

There are a number of well-known materials, including slags, the 
common glasses, and certain natural minerals, in which the atomic 
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disorder typical of liquids can be retained to abnormally low tempera- 
txires. Such substances do not freeze during cooling, but simply harden 
continuously as their temperature is lowered. At atmospheric tempera¬ 
ture they are described as vitreous (or glassy) solids. Actually they are 
not solids at all; they are drastically supercooled and very viscous liquids. 

The vitreous condition is truly amorphous; i.e., the atoms or molecules 
composing a vitreous solid show no evidence of an ordered arrangement 
beyond the temporary local groupings found in any liquid. It is usually 
unsUble, although—in a glass, for example—it may persist indefinitely 
at atmospheric temperatures simply because the mobility of its com¬ 
ponent molecules is extremely limited. If a molten glass is cooled very 
slowly or a “solid” glass is reheated (annealed) for a sufficiently long 
time at some temperature below its true freezing temperature, it will 
"devitrify” spontaneously and become truly crystalline. In this condi¬ 
tion it is not particularly affected by further annealing treatments, so 
long as the reheating temperature is below the melting point of the 
■Ubic crystalline solid thus produced. However, iu properties are quite 
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different from those of the original vitreous material, and make it 
unsuitable for most of the applications in which the glasses are ordinarily 
useful. 

Molten metals apparently cannot be undercooled to a vitreous 
condition. But there is evidence that many metals can be electro* 
deposited in an amorphous state, that a few can be condensed from a 
vapor in this condition, and that intense shearing under high pressure 
can locally convert most crystalline metals into amorphous ones. (The 
latter possibility is discussed at length in Chapter 5.) Even in small 
amounts, however, amorphous metals are rare, and the amorphous 
condition in a metal is very unstable. For the present, then, it is suf¬ 
ficient to remember that in any ordinary condition all solid metals are 
typically and completely crystalline. 

3-3. Crystal Lattices 

As long as a metal remains solid there is maintained within it a 
definite three-dimensional arrangement of its atoms. Within this overall 
pattern, however, except at the absolute zero of temperature, indi¬ 
vidual atoms are not actually stationary. Their kinetic energy has 
simply been reduced so much that their motion has become a random 
oscillation around a fixed point. At atmospheric temperatures, the 
amplitude of this thermal vibration is something like 5% to 10% of the 
average interatomic spacing. Because of increased kinetic energy at 
higher temperatures, the amplitude of atomic motion increases con¬ 
tinuously as the temperature of the solid metal is raised. Conversely, 
it diminishes as the temperature is reduced, approaching zero as the 
absolute zero of temperature is approached. 

Except at the absolute zero of temperature, which so far is unattain¬ 
able, thermal agitation makes it impossible to define precisely the 
position at any instant of the atoms that compose any given crystal. 
Further, even if this could be done, it would still give a badly distorted 
view of the symmetry of atomic arrangement, because it is very unlikely 
that any specific atom would be “stopped” at exactly the midpoint of 
its oscillation. Finally, actual crystals are subject to a wide variety of 
defects which distort their overall symmetry locally or generally 
according to the nature and history of the crystal considered. 

It is customary and convenient, therefore, to describe crystals in 
terms of a crystal lattice, which is an array of points each representing 
the center around which an atom would oscillate in an ideal crystal 
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of the material being discussed. Since it consists of dimensionless points 
instead of atoms, and since it neglects both thermal agitation and the 
local defects always present in actual crystals, a crystal lattice differs 
significantly from the crystal structure it is used to describe. 

On the other hand, a crystal structure—or any idealized representa¬ 
tion of one—differs radically from a space lattice. In a space lattice each 
point is identical and has identical surroundings. In an actual crystal, 
however, the position corresponding to that of a point in the space 
lattice may be occupied by a single atom, or by a group of similar 
atoms, or by two or more dissimilar atoms, or by no atoms at all. There 
is, then, no limit to the number of different arrangements of atoms which 
may occur around a given point, and so the number of different crystal 
structures which are possible is infinitely great. The number of different 
crystal lattices required to represent these structures is, of course, just 
as great. 

Unfortunately, the terms “space lattice,” “crystal lattice,” and 
“crystal structure” are often used interchangeably in metallurgical 
literature. It is important for the serious student of the behavior of 
metals to realize that this is improper usage; it obscures significant 
differences among some very useful terms and so may becloud any 
serious discussion of the crystalline nature of metals. A proper distinc¬ 
tion among these three terms can, perhaps, be established more firmly 
by redefining all three. 

1. A space lattice is an infinite array of points in space, so arranged 
that each point has identical surroundings. It is a geometric abstraction 
whose only usefulness is in a reference function, in describing and 
correlating the symmetry of actual crystals. Only fourteen different 
space lattices are possible. 

2. A crystal structure is the arrangement of atoms or molecules which 
exists in an actual crystzil. At any attainable temperature it is a dynamic 
rather than a static arrangement, and it is always subject to one or more 
of a wide variety of imperfections. While the inherent symmetry of a 
crystal structure always corresponds to that of one of the fourteen 
space lattices, this symmetry can be maintained with an infinite number 
of different atomic arrangements, and so the list of possible crystal 
structures is endless. 

3. A crystal lattice is an array of points, each representing by its 
position the center around which, in a perfect crystal structure, an 
atom or molecule would oscillate. There is, then, one crystal lattice 
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which represents each possible crystal structure. In it, a dimensioiiless 
point represents the position of each atom or molecule within an actual 
crystal, and the structure of the latter is idealized by neglecting thermal 
agitation and the geometric defects inherent in all crystals. 

The remainder of this chapter will be devoted principally to the 
study of crystal lattices. Discussion of the imperfections which may 
exist in actual crystals is reserved for Chapter 5. 

3-4* Important Planes and Directions 

Only gases, liquids, and amorphous solids are truly isotropic, that is, 
the same in their properties in every plane and every direction. In a 
crystalline material, the conhguration and spacing of the atoms differ on 
different planes and in different directions along these planes. Since 
the physical and mechanical characteristics of a material are deter¬ 
mined as much by the arrangement as by the nature of the atoms which 
compose it, all crystals are artisotropic; i.e., their properties vary accord¬ 
ing to the plane or direction along which they are measured. 

Anisotropy in single crystals is observed in elastic and plastic 
strength properties, hardness, ductility, thermal and electrical conduc¬ 
tivity, magnetic permeability, diffusion rates, rate of attack in a cor¬ 
rosive atmosphere, and many other properties. For example, the elastic 
modulus of single iron crystals is about 18.9 million psi in the [100] 
direction, 31.3 million psi in the [110], and 40 million psi in the [111] 
direction .2 The compressive yield strength of a 0.06% carbon steel is 
about 24,200 psi along the {111} planes and only 19,800 psi on { 100 } 
planes.^ The well-developed planes of easy cleavage shown by such 
natural minerals as mica, calcite, and galena dje direct evidence of 
anisotropy in cohesive forces between crystallographic planes of various 
sets; similar though less highly developed brittle cleavages are shown 
by antimony, bismuth, tellurium, and magnesium. Graphite crystals 
have about 100 times greater electrical resistivity in one direction than 
in another direction which is at right angles to this.^ At 269® C., the 
rate at which bismuth atoms diffuse through a bismuth crystal is about 
one million times faster normal to the rhombohedral axis than parallel 
to it.5 

2 Metals Handbook, Cleveland, American Society for Metals, 1948 ed. 

3 Ibid. 

* G. E. Doan and E. M. Mahla, The PrinaipUs 0 /Physical Meialluriji, New York, McGnw- 
Hill Book Company, Inc., 1941. 

S W. Boas, Physics 0 /Metals and Alk^, New York, John WUey & Sons, Inc., 1947. 
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Many other examples of anisotropy in single crystals might be 
died, and some of them are truly spectacular. In nearly every case, 
anisotropy is immediately explainable from consideration of the planes 
and directions within a given crystal along which interatomic distances 
arc least, since here bonding attraction is greatest and other atomic 
and electronic interactions occur most readily. In the sections which 
follow, therefore, these densely packed planes and directions will be 

given particular attention. 

In general, the important (densely populated) planes and directions 
in a given crystal have low Miller indices. This is evident, for example, 
in Fig. 3-2, which is a section through the X and T axes of a simple 
cubic crystal lattice. Of the multitude of planes that might be con¬ 
structed parallel to the Z axis (i.e., having a third Miller index of zero), 
a few are here represented by their intersections with the plane of the 
sketch. It is obvious that, of the planes shown, the (010) and (100) arc 
the ones most densely packed with points, followed by (iTO); the (120), 
(320), etc., planes, and those of still higher indices, are much more 
sparsely inhabited. However, the planes of lowest indices are not always 
the ones that have maximum density of point population. For example, 
the body-centered cubic lattice has its closest spacing of points along 
the {110} planes rather than the {100}, and it is the {111} family that 
has the greatest concentration of points in a face-centered cubic 
lattice. 

From Fig. 3-2 it can be seen that the set of planes which is most 
densely packed with atoms also has the greatest distance between 
adjacent planes of the set. It is evident that this must always be true 
from the fact that a set of planes is complete only if every point in the 
lattice is included in some one plane of the set. No matter which set of 
planes is considered, the product of number of points per unit area on 
these planes times number of planes per unit distance normal to the 
set must be a constant value which is equal to the number of points per 
unit volume of lattice. Obviously, the higher the concentration of 
points on the planes, the smaller the number of planes required to 
account for all points contained in this volume, and the more widely 
spaced the planes themselves must be. This is always the case; and it is 
a very useful fact in X-ray diffraction studies, for example, where inter- 
planar spacings are relatively easy to measure. If the many possible 
set* of planes through any given crystal structure are listed in order of 
increasing distance between adjacent planes of the set, they are also 
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Fio. 3>2. Indices of Some Planes Normal 
to the Plane of the X and Y Axes. 


Fig. 3*3. (110) Plane in the Body* 
Centered Cubic Lattice. 



Fig. 3-4. (Ill) and (100) Planes in 
the Face-Centered Cubic Lattice. 


listed in order of increasing density of atomic population and, in 
general, in order of increasing strength parallel to the planes considered. 

The strongest directions through a crystal are also those along 
which its atoms are most closely spaced, and these directions always 
lie in the strongest planes of the crystal. 

3-5. Bending Forces in Crystals 

The usual basis for the description and classification of the crystal 
structures of natural minerals, chemical compounds, and metals and 
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alloys is the crystal system according to which their symmetry can 
most simply be described. While this permits a concise and systematic 
tabulation of structures, the result is actually no more than a listing of 
observed geometric data. The list itself merely identifies the structures; 
it does not attempt to explain why they appear or why they are 
important. 

A somewhat more enlightening basis for the systematic study of 
crystals is afforded by the types of bonding forces which hold atoms in 
position relative to each other within the various crystal structures. On 
this basis, crystals in general may be classified into five types: 

1. Molecular crystals 

2. Ionic crystals 

3. Valence crystals 

4. Valence-molecular crystals 

5. Metallic crystals 

Unfortunately, as will become evident in later discussions, the 
distinctions among these five types of crystals are not always as clear- 
cut as might be desired. For example, it is sometimes difficult to distin¬ 
guish positively between crystals of the ionic and valence types, and 
there are many cases in which both valence and molecular bonding 
forces are important in the same crystal. On the other hand, a classifi¬ 
cation based on bonding forces permits many generalizations to be 
made concerning crystal properties and behavior which could not be 
justified if only crystal geometry had been considered. Further, it is 
the bonding forces that hold atoms in position, and similar forces may 
be expected to result in similar atomic arrangements. As a result, this 
means of classification serves incidentally to group crystal structures— 
roughly, at least—according to crystal symmetry as well as bonding 
forces. 

Molecular Crystals 

Many common atoms and molecules contain electrostatic charges 
which are arranged so unsymmetrically that the atom or molecule 
itself, although electrically neutral as a whole, shows a definite electro¬ 
static moment. Polarity of this type in a neutral body results, of course, 
from the fact that it has a positively charged region or regions and a 
corresponding negatively charged region or regions, with the centers of 
these separated from each other by small but finite distances. The 



66 Crystal Structures 

oppositely charged parts of the same body exert a definite though 
relatively weak attraction for each other, and also for the oppositely 
charged regions of adjacent polar bodies. The weak electrostatic force 
thus developed between adjacent atoms or molecules is identified as 
Van der Waals attraction. 

Van der Waals attraction exists and is important even between atoms 
or molecules whose electrostatic fields are generally assumed to be 
spherically symmetrical. Although the positive and negative fields of 
such an atom or molecule are concentric on the average, so that it has 
no permanent external field, this may not be true at any given instant. 
The electrons which create the negative field are in constant motion, 
the negative field fluctuates accordingly, and the atom exerts an instan* 
taneous polarizing force on any other atom that approaches it closely. 
Once opposite polarities have been established by a pair of such atoms, 
Van der Waals attraction exists between them, and the distortion of 
each is stabilized by the presence of the other. 

As a result of Van der Waals attraction, neutral atoms or molecules 
are drawn together until their outermost, closed electron shells overlap, 
and a sufficient electrostatic repulsion is developed between electrons 
to exactly balance the mutual attraction of the bodies as a whole. 
When this condition is achieved, equilibrium is attained with adjacent 
atoms or molecules in definite positions and definite orientations relative 
to each other, and so a true crystal structure has been established. The 
relatively weak forces that hold atoms or molecules in position within 
such a crystal are commonly called molecular bonds (or molecular 
linkages], and a crystal in which this is the principal type of bonding 
force is called a molecular crystal. 

Because Van der Waals attraction is always weak, the molecular 
bond is important principally as it occurs among inert atoms or 
molecules, such as atoms of the inert gases and organic molecules 
having complete internal valence systems. The molecular crystab which 
these form as they freeze are relatively unstable; they are easily broken 
down by thermal agitation, and the melting points of molecular crystals 
typically are very low. 

When ionic, covalent, or metallic bonds can form, their attractive 
forces are so much stronger than those of the molecular bond that the 
latter is completely overshadowed. Among the metals these other types 
of bonds are usually possible, and usually appear. Therefore, the 
molecular bond is orffinarily ignored in metallurgy. There is, however, 
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one interesting group of metals—described in Section 3-11 as valence- 
molecular crystals—in which covalent bonding creates sheetlike or 
threadlike arrangements of atoms, and the sheets or threads are then 
held together by molecular bonding. As might be expected from the 
relative weakness of the molecular bond, such crystals are strongly 
anisotropic and their melting points are relatively low. 

3-7. Ionic Crystals 

Another type of bonding force that is far more intense than the 
molecular bond occurs when the atoms of any given material exist 
within it as ions that differ among themselves in the sign of their 
electrostatic charges. It is the mutual attraction of unlike ions that is 
the ionic bond (or polar bond) and results in the formation of ionic crystals. 

When, as a result usually of Van der Waals attraction, two atoms 
approach each other very closely, their outermost electron shells 
actually overlap. Each atom is strongly affected by the electrostatic 
field of the other, and of course the effect is strongest in the valence 
shells; the more stable, inner shells of the two atoms are not often 
altered significantly. If one of the two atoms involved is strongly electro¬ 
positive and the other is strongly electronegative, an actual transfer of 
valence electrons from one atom to the other is very likely to occur. 
The result is an oxidation-reduction reaction, in which the electro¬ 
positive atom is shorn of one or more valence electrons and becomes 
a positively charged ion, while the electronegative atom acquires a 
corresponding number of extra valence electrons and becomes a 
negatively charged ion. 

Transfer of a valence electron from a specific orbit in one atom to a 
different orbit in the other can occur spontaneously only if it results in 
a decrease in free energy of the system containing the two atoms. This is 
possible only when there exists in the electronegative atom some in¬ 
completely filled energy level which represents a lower-energy state for 
the transferred electron than did its original position in the electro- 
I^sitive atom. The difference in energy must be considerable, since a 
significant part of the electronic energy is not lost by the system but is 
simply converted to potential energy, represented by the relatively 
strong electrostatic attraction for each other of the physically separated, 
oppositely charged ions thus created. However, if it occurs at all, the 
electron transfer is permanent. The stable ions produced can subse¬ 
quently be separated by thermal agitation, the attraction of other ions. 
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etc., and each ion of the pair will still retain the electrostatic charge 
created by interaction of the two. In other words, the transferred 
electron enters the structure and actually becomes a part of the electro¬ 
negative atom. 

Electron transfer is very likely to occur and an ionic bond to form 
whenever contact occurs between atoms that are widely dissimilar in 
the energy condition of their valence electrons, and hence widely 
separated in the periodic table and in the activity series. A typical 
example is the reaction between sodium from Group I in the periodic 
table, and chlorine, from Group VII. 

The neutral sodium atom has a single valence electron in the 
level of the M-Shell, and the neutral chlorine atom has 7 valence 
electrons in the 3i and 3/> levels of the M-Shell. On contact between the 
two, the sodium atom loses its one valence electron and becomes a 
sodium ion, Na+, with a unit positive charge. The chlorine atom adds 
this electron to its valence shell, completing a stable octet and filling 
the M-Shell completely, and becomes a negatively charged chloride 
ion, C1-, as it does so. The attraction of the stable, oppositely charged 
Na+ and Cl“ ions for each other represents a strong ionic bond which 
results in the formation of the chemical compound sodium chloride, 
NaCl. However, it is easy to show that the Na"*" and Cl“ ions persist as 
ions even when they are physically separated over distances so wide 
that the attraction between them is negligibly small. The ionic bond 
can, then, be broken without destroying the ionization that produced 

it. 

When sodium chloride is melted, a liquid is produced which consists 
of Na'*’ and Cl“ ions moving around a^d past each other rather freely. 
Because of their unlike charges, it might be expected that within the 
liquid each Na+ ion would attract to itself a surrounding layer of Cl" 
ions, and vice versa. This actually occurs, although in a liquid the per¬ 
fection of the arrangement is constantly being disrupted by thermal 

agitation of the ions involved. 

When sodium chloride freezes, both the electrostatic charges of the 
Na+ and Cl" ions and the attraction between them persist in the soUd 
NaCl crystals that form. Each ion, as it deposits on a solidifying cryst^, 
surrounds itself completely with ions of the opposite electrostatic 
charge. The resulting crystal has the sodium chloride structure, re^e- 
sented in Fig. 3-5 by its crystal lattice. Here alternation of Na+ and C 
ions produces a three-dimensional cubic pattern in space, wi 
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which each Na+ ion is immediately surrounded by six equally distant 
Cl“ ions, and each Cl" ion is surrounded by six equally distant Na+ 
ions. 

From the symmetry of Fig. 3-5 it is evident that the NaCl structure 
can best be described crystallographically by reference to some cubic 
space lattice—but not, as might at first be assumed, to a simple cubic 
one. Within a space lattice each point must have identical surroundings. 
A point in the NaCl structure occupied by a Na+ ion is completely 
surrounded by Cl" ions, and so differs significantly from any adjacent 
point which is occupied by a Cl" ion and completely surrounded by 
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Fio. 3-5. T^e Sodium Chloride Fic. 3-6. Unit Cell of the Sodium 

Structure. Chloride Structure. 

Na+ ions. To establish a proper space lattice for reference, only those 
points can be considered all of which are occupied by ions of the same 
kind. Whether the points selected arc occupied by Na+ or by Cl" ions 
actually makes no difference; in either case the result of connecting 
similar points is the face-centered cubic unit cell sketched in Fig. 3-6. 
Here only points occupied by Na+ ions have been considered in con¬ 
structing the crystal lattice. Within this framework the Cl" ions are, of 
course, still present, and they cannot properly be ignored. Therefore, 
the NaCl structure is best described as an ionic crystal structure based 
on a face-centered cubic space lattice, in which two oppositely charged 
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ions (one each of Na+ and Cl") are associated with each lattice point.^ 
To emphasize the association of pairs of dissimilar ions at each lattice 
point, it is perfectly proper to construct the reference lattice in such a 
way that each point falls midway between a Na+ and a Cl" ion. 
However, this is not often done, apparently because it is usually more 
convenient to construct the unit cell with each of its corners at an 
occupied point rather than between pairs of such points. 

The NaCl structure is typical of ionic cr>'stals—those that consist 
entirely of ions, each of which is held in position by its electrostatic 
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Fig. 3-7. (a) The Cesium Chloride Structure; (i) Unit 

Cell of the Cesium Chloride Structure. 


attraction for other ions having an opposite charge. The symmetry of 
ionic crystals is usually the simplest that will permit each ion to be 
surrounded by oppositely charged ions; cubic structures are therefore 
very common. In general, a molecular formula can be established for 


6 Many authors describe the NaCl structure as “consisting of two interpenetrating face- 
centered cubic structures, one made up exclusively of Na- ions and the other of Cl ton . 

Structurally this is an apt description, as is evident from 3-5. /face- 

improper in implying the separate existence of a Na* and a C structure, 

centered cubic pattern which neither would assume if it actually were present aIon<r. ^ 

and Cl- ions are, of course, both part of the same Nad crystal structure. 

seem now to agree that this single structure is properly described only in the general 

of the paragraph above. 
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an ionic cr>'stal only on the basis of the cr>^stal as a whole. Thus, from 
Fig. 3-5 it is evident that each Na+ ion is associated not with one Cl" 
ion but with six. No single pair of ions can be identified as a molecule of 
NaCl. Alternation of Na+ and Cl- ions within the structure does give 
the crystal as a whole exactly the one-to-one ratio of sodium and 
chlorine atoms required by the formula NaCl, but it is evident that 
assignment of the molecular formula is actually somewhat artificial. 

Another typical ionic crystal structure is the cesium chloride structure, 
which is encountered frequently enough so that it desen.’cs description 
here. In Fig. 3-7 it is exemplified by the crystal lattice of CsCl itself. 
This is often described as consisting of two interpenetrating simple cubic 
lattices. However, in line with the reasoning outlined in the last 
footnote, it seems more appro¬ 


priate to describe it as an ionic 
crystalstructurebasedonasimple / \ o 

cubic space lattice, in which a ^ _b 

Cs'*’ and a Cl" ion are both asso- 

ciated with each lattice point. • • 

A third common and impor- \ '''O 

tant ionic crystal structure is the V '•• ' •9 

fiuorite structure, named for the o / 

natural mineral fiuorite, CaF 2 . r p 

In fluorite itself, Ca‘^+ ions are ^ ^ 

associated with the corners and o • “ 

face centers of each face-centered ^ 

cubic unit cell, and F ions Fluoride (Fluorite) Structure, 

appear at all quarter-way posi¬ 
tions along cube diagonals (i.e., at all points having coordinates such 
as i, and and etc.).. When several adjacent unit 

cells are considered together, it becomes evident that two F- ions are 
associated with one Ca++ ion at each point of the face-centered cubic 
space lattice upon which the CaF 2 structure is based. 

The sodium chloride, cesium chloride, and fluorite structures are 
all very common among cry-slals of inorganic compounds, most of 
which are formed by the ionic type of bonding. 
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Fic. 3*8. Unit Cell of the Calcium 
Fluoride (Fluorite) Structure. 


3-8, Intermetallic Compounds of the Ionic Type 

Ionization and formation of the ionic bond can occur only by 
electron transfer between dissimilar atoms, one of which is relatively 
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electropositive and the other electronegative. Since all atoms of the 
same element are chemically identical, the ionic bond and ionic 
crystals are impossible among pure elements. However, many common 
alloys contain two or more metals which differ widely in their chemical 
nature, and here ionic bonding and ionic crystals are fairly common. 

The common engineering metals in the first three groups in the 
periodic table and in the various transition series are in general so 
strongly electropositive that they tend to give up their valence electrons 
whenever chemical reaction becomes possible, but with no takers if 
only other, similarly disposed, electropositive elements are present. 
There is, however, a long list of commercial alloys in which these 
metals are associated with other elements from Groups IV, V, and VI in 
the periodic table. Germanium, tin, silicon, and lead, each with 4 
valence electrons per neutral atom; arsenic, antimony, and bismuth, 
with 5; and selenium and tellurium with 6, are all fairly common as 
impurities or alloying additions. All are sufficiently electronegative so 
that they often react with the more strongly electropositive elements 
(such as calcium, barium, strontium, aluminum, magnesium, man¬ 
ganese, and copper) to form ions. The result is ionic bonding and 
formation of ionic crystals generally similar to those described in the 
preceding section. 

The intermetallic compounds which result from ionic bonding in such 
alloys are, in every sense, true chemical compounds. They observe 
the usual laws of chemical valence; they have fixed and definite 
chemical compositions which can be expressed by simple chemical 
formulas; and they have definite, constant, and reproducible melting 
temperatures at any given pressure. Innumerable examples of inter¬ 
metallic compounds might be cited; the following are a few typical 
ones which form ionic crystal structures similar to those already 
described: 

Sodium Chloride Structure: CaSe, MgSe, SrSe, PbSe, CaTe, 
BaTe, SrTe, MnTe, SnTe, PbTe, SbSn, VC, TiC, ZrC, HfC, 
ThC, CbC, TaC, TiN, ZrN, ScN, VN, CrN, W 2 N, M 02 N, 

Mn4N, Fe4N. 

Cesium Chloride Structure: AuZn, MgAg, CdAg, LiTl, MgTI, 
CaTl, CuBe, NiBe, CuPd, AuNi, TiNi, AlNi, FeCo, AuCd. 

Calcium Fluoride (Fluorite) Structure: Cu 2 Se, MgjSe, Mg 2 Si, 
Mg2Sn, Mg2Pb, TiH2. 
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As a result chiefly of the nature of the ionic bonding forces that 
determine their internal structures, intermetallic compounds of the 
ionic type usually differ markedly in most of their properties from both 
of the pure elements of which they are composed. They differ also from 
intermetallic compounds formed, for example, by the metallic type of 
bonding. The importance of these differences, and their explanations, 
will be considered in later chapters dealing with the mechanics of 
crystals and with alloy systems in which such compounds appear. 

It will be noted that the term “intermetallic compound” is fre¬ 
quently used to describe compounds which involve such obvious non- 
metals as sulfur, selenium, carbon, nitrogen, and phosphorus. The 
compounds CaSe, AlP, V 2 C, and FejN, for example, are certainly not 
compounds formed between metals, as the adjective “intermetallic” 
implies. Nevertheless, these and many other similar compounds are 
very important in the metallurgy of alloys, and it is useful to have a 
generic name which will distinguish them as a group from the better- 
known types of inorganic salts and organic compounds so familiar 
in chemistry. Therefore, in the following sections the term “intermctal- 
lic compound” will be used in its usual, somewhat loose sense whenever 
a compound is considered that appears as a normal phase in an alloy 
having metallic properties. This will be done even when the composition 
of the compound in question includes one or more elements which 
obviously are not metals themselves. 

3-9. Valence Crystals 

While the ionic bond is the common bond of inorganic chemistry, 
the covalent bond (or homopolar bond) is involved in some inorganic 
molecules, and it is very familiar in organic compounds. It occurs also 
among certain of the pure metals and in many intermetallic compounds, 
and when it does it results in the formation of valence-type crystals. 

It will be remembered that the ionic bond forms when two very 
dissimilar atoms approach each other so closely that there occurs an 
actual and permanent transfer of electrons from the valence shell of 
the more electropositive element to some lower energy level in the 
valence shell of the more electronegative. If the two atoms involved are 
identical or very similar, then electron transfer, ionization, and forma¬ 
tion of the ionic bond are impossible. However, if each of two similar 
atoms contains in its valence shell an electronic orbit which is occupied 
by one electron only, and if the two orbits are at equal energy, contact 
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between the two atoms may allow these orbits to merge into a single 
orbit which surrounds both atoms. The common orbit thus produced 
will then contain two electrons—all it can hold—and both electrons 
will revolve continuously about both atoms. One orbit containing two 
electrons represents a lower-energy condition than do two orbits 
with one electron each, and so this is a stable arrangement. 

It is the mutual attraction of two atoms for the same pair of electrons 
that is the covalent bond. In the normal covalent bond, one electron of 
the shared pair is contributed by each of the two atoms held together 
by it, and the electron pair revolves in a common orbit which surrounds 
both atoms. There is also a coordinate covalent bond, in which a 
common orbit is established around two adjacent atoms but both of 
the electrons which fill it are contributed by the same atom. In either 
case only one electronic orbit becomes common to the two atoms 
joined by a covalent bond, and so there is always just one shared pair of 
electrons to link pairs of adjacent atoms together. When a covalent bond 
is broken, for example by melting or dissolving a valence-type crystal, 
each atom repossesses the same number of electrons it originally had, and 
ions never appear, but only neutral atoms or, occasionally, molecules. 

The coordinate covalent bond can form only between pairs of 
atoms which differ chemically from each other, since one atom of the 
pair must contribute both electrons to the common orbit while the 
other furnishes none. Although it occurs in a few intermetallic com¬ 
pounds, the coordinate type of bond is actually quite rare, and of course 
it does not appear at all among the pure elements. Therefore, in the 
sections which follow, only the more common normal covalent bond will 
be considered in detail, and unless the coordinate type is specifically men¬ 
tioned, any reference to a covalent bond will refer to the normal type. 

Perhaps the best-known example of a valence crystal is pure carbon 
in the form of diamond. Here, as in any pure element, ionic bonding 
and the coordinate covalent bond are impossible. The valence require¬ 
ments of each carbon atom are satisfied entirely by the sharing of 
electron pairs in normal covalent bonds which link adjacent atoms in 
the crystal structure that forms. 

The neutral carbon atom has only 4 valence electrons. It tends to 
acquire enough more, by covalent bonding with its neighbors, to 
achieve the stable condition of a full valence shell containing 8 electrons, 
the stable octet. It does so by contributing each of its own valence 
electrons to form shared pairs with each of four adjacent carbon atoms. 
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Each neighboring atom does the same, forming shared pairs with this 
and with three other carbon atoms. The atomic arrangement that 
results is illustrated schematically in Fig. 3-9; each carbon atom, by 
covalent bonding, has acquired 
four equally spaced nearest 
neighbors, to each of which it 
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is linked by a shared pair of 
valence electrons. 

The three-dimensional 
atomic arrangement that re- 
jults—called the diamond structure 
or diamond cubic structure—is 
illustrated in Fig. 3-10. It may 
be described as a body-centered 
tetrahedral arrangement of 
atoms, in which each carbon 
atom occupies the center of a 
tetrahedron and is linked by 
covalent bonds to each of four 
other carbon atoms that occupy 
its corners. If a number of 
adjacent tetrahedra of this type 
are sketched as they actually occur in a diamond crystal, an overall 
cubic symmetry becomes evident. Therefore, the diamond structure is 
classified by the crystallographer as tetrahedral cubic. The unit cell used 
to describe it is that shown in Fig. 3-lOa, a face-centered cube containing 


ee 
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C = carbon nucleus 

e = valence electron 

Fig. 3-9. Covalent Bonding in the Dia¬ 
mond Structure (Schematic). 





Fig. 3-10. (a) Unit Cell of the Diamond 

Structure; (4) One-Eighth of Unit Cell, showing 
Tetrahedral Arrangement'of Atoms. 
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four extra carbon atoms within its body. The four body atoms may be 
located by dividing the unit cell into eight smaller cubes, as is indicated 
by the finer lines in Fig. 3-10a; the centers of alternate small cubes are 
occupied by carbon atoms, to form the tetrahedra described above, 
fi.e., if the four body diagonals of the unit cell are constructed, one 
carbon atom will appear at a quarter-way position along each. If 
points are occupied which have coordinates and |, |, and 

I, i, and I, the other quarter-way positions along these diagonals 
are vacant, and vice versa.) 

Germanium, silicon, and tin, like carbon, each has 4 valence 
electrons per neutral atom. Therefore they too form valence crystals 
which have the diamond structure. (However, as is brought out in 
Chapter 4, tin docs so only at relatively low temperatures.) 

3-10. The 8 Minus J\‘ Rule 

Similarity in crystal structures among elements that are in the same 
group in the periodic table has given rise to the useful 8 minus N rule 
for predicting the structures formed by covalent bonding. 

A closed valence shell contains 8 electrons. If N represents the 
number of electrons present in the valence shell of a given neutral 
atom, then 8—A' represents the electron deficiency which must be 
made up before that atom achieves the stable condition in which it has 
a stable octet of valence electrons. In forming a normal covalent bond 
with another atom, each atom contributes one of its own valence 
electrons to a common electronic orbit, and this electron is joined by a 
second one contributed by the other atom; hence each atom actually 
gains one electron in its valence shell by forming a covalent bond vrith 
the other. Therefore 8—A' represents the number of covalent bonds 
which an atom must form in order to complete its valence shell, and so 
the number of adjacent atoms to which it must be bonded in order to 

satisfy its own valence requirements. 

The number of equally spaced nearest neighbors which each atom 
has in a given crystal structure is called the coordination number of that 
structure. A common statement of the 8 minus A rule is, therefore: 
8 — A equals the coordination number. It must be remembered, of 
course, that this is true only when the crystal considered is formed 

entirely by normal covalent bonding. 

From the preceding section it is evident that carbon, germanium, 
silicon, and (at low temperatures) tin all obey the 8 minus A rule. 
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For all of these elements ^ = 4 and 8 — A* = 4, which is the coordina¬ 
tion number of the body-centered tetrahedral pattern of atoms com¬ 
posing the diamond structure. The principal usefulness of the 8 minus N 
rale, in predicting or rationalizing crystal structures, is evident from the 
fact that only the tetrahedral arrangement described can give each 
atom four equally spaced, symmetrically arranged, nearest neighbors. 

In crystals formed by normal covalent bonding, the coordination 
number is determined by the valence iN) of the element forming the 
structure. The coordination number, in turn, controls the arrangement 
of atoms within the structure, and the symmetry of this arrangement 
largely determines the properties of the resulting crystal. Therefore 
the common name, valence crystal, for structures produced by covalent 
bonding seems very appropriate. 

3-11. Valence-Molecular Crystals 

Most of the elements that appear in Groups V, VI, and VII in 
the periodic table form crystals in which the 8 minus N rule is observed, 
but which involve molecular as well as covalent bonding. Although 
these are frequently (and properly) grouped with the valence-type 
crystals discussed above, for some purposes it is desirable to discuss 
them separately as valence-molecular crystals. 

Arsenic, antimony, and bismuth, for example, are in Group V in 
the periodic table. The neutral atom of each has 5 valence electrons 
and requires 3 more to complete its valence shell. Accordingly, each of 
these elements crystallizes in a rhombohedral crystal structure which 
has a coordination number of 3. As is evident in Fig. 3-11, wrinkled 
layers of atoms are formed in which, in a tetrahedral pattern, each 
atom is joined by covalent bonds to each of three equally distant 
neighbors. The valence requirements of each atom are therefore 
satisfied within this layer, and successive layers are held together only 
by molecular bonding. Because the covalent bond is so much stronger 
than the molecular bond, most of the strength of such a crystal is in 
planes parallel to the layers of atoms, and the crystal is relatively weak 
normal to these layers. A very high degree of anisotropy can always be 
expected in valence-molecular crystals. Further, because the molecular 
bond is easily broken by thermal agitation, their melting points are 
relatively low. 

Selenium and tellurium, in Group VI in the periodic table, also 
form valence-molecular crystals and also obey the 8 minus JV" rule. 
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Here A = 6 and 8 - A' = 2, which is the coordination number of the 
hexagonal crystal structure formed. In solid selenium and tellurium 
the atoms are arranged in a sort of spiral chain, in which each atom 
shares electron pairs with two equally spaced nearest neighbors. The 
valence requirements of each atom are satisfied within its own chain, 
and so successive chains are held together only by molecular bonding. 
Again, a high degree of anisotropy appears; the crystal is much stronger 
parallel to the chains than normal to them. 

The halogens in Group \TI show a strong tendency toward covalent 
bonding, and exist usually as diatomic gases (CI 2 , Br 2 , etc.) which 
observe the 8 minus A' rule. Solid iodine also obeys the 8 minus A' rule 
by forming valence crystals in which each atom has only one nearest 
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Structure of Bismuth Structure of Tellurium Structure of Iodine 

(Rhombohcdral). (Hexagonal). (Orthorhombic). 


neighbor. Iodine represents one of the rather rare cases in which true 
molecules arc obvious in a crystal structure; the I 2 molecules are, of 
course, held together by molecular bonding and form the crystal 
structure represented in Fig. 3-13. 

Both valence and valence-molecular crystals are also quite common 
among intcrmetallic compounds. Examples include SiC, a diamond 
structure similar to that of pure silicon and pure carbon; the compounds 
of beryllium, zinc, cadmium, and mercury with sulfur, selenium, and 
tellurium; and the compounds of aluminum and gallium with phos¬ 
phorus, arsenic, and antimony. Several of these compounds seem to 
involve coordinate covalent bonding as well as normal covalent bond¬ 
ing. For example, AlSb is a valence crystal with the diamond structure, 
in which the coordination number is 4. Apparently it results from the 
formation, by each antimony atom, of normal covalent bonds with 
three of the aluminum atoms which are its nearest neighbors, and of a 
coordinate covalent bond with the fourth. Similarly, each aluminum 
atom apparently forms normal covalent bonds with each of three 
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antimony atoms that surround it, and a coordinate covalent bond with 
the fourth. Also, in the valence-type compound ZnSe, two of the four 
shared electron pairs around each atom must be contributed by the 
selenium atom in a coordinate covalent bond, while the other two 
shared pairs represent normal covalent bonds to which ehch of the 
linked atoms has contributed. 

Although a few exceptional compounds such as AlSb and ZnSe are 
now rather well known, the coordinate covalent bond is actually quite 
rare even among intermetallic compounds. When it appears at all, the 
coordinate covalent bond is necessarily formed between an electro¬ 
negative element, such as antimony or selenium, which has a large 
number of valence electrons to contribute, and an electropositive 
element, such as aluminum or zinc, which has only a few. When they 
exist together, such pairs of elements—widely separated in the periodic 
table and in chemical activity—seem to form ionic bonds much more 
commonly than they appear in valence-type structures. 

Typically, both valence and valence-molecular crystals are quite 
hard, strong, and brittle, and are poor conductors of both heat and 
electricity. The most obvious physical difference between them is that 
valence crystals usually have high or moderately high melting points, 
whereas valence-molecular crystals tend to have rather low melting 
temperatures, because of the relative weakness of the molecular bond 
involved in their formation. The 8 minus Wrule applies to both valence 
and .valence-molecular crystals except in those relatively rare cases 
where a coordinate covalent bond is involved. It should be remembered 
that this rule does not apply to crystals formed by purely molecular or 
by ionic bonding; nor does it apply to the metallic bond discussed 
below. 

3-12. Metallic Crystals 

With the exception of tin, lead, antimony, and bismuth, most of the 
common engineering metals appear in a transition series in the periodic 
table or in Group I, II, or III, and have only 1, 2, or 3 valence electrons 
per neutral atom. As a result they are incapable of forming stable 
valence-type crystals, for reasons which may be exemplified by the 
case of aluminum, magnesium, and silver. 

Aluminum, with 3 valence electrons per neutral atom, requires 
® “■ 3 = 5 additional electrons to satisfy its valence requirements. In 
normal covalent bonding, where each linked atom contributes one 
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member of a shared electron pair, an aluminum atom can form only 
three bonds, acquire only three nearest neighbors, and add to its 
valence orbits only three additional electrons. This does not represent 
a full valence shell. There is no conceivable way in which aluminum 
atoms can combine by normal covalent bonding to give to all or to 
any one of the atoms present a stable, closed shell of 8 valence electrons. 
Therefore pure aluminum cannot and does not form stable valence- 
type crystals. 

Similarly, a neutral magnesium atom, with 2 valence electrons, can 
form normal covalent bonds with only two other magnesium atoms, 
and so can accumulate a total of only 4 valence electrons per atom— 
exactly half the number required for stability. Silver, with 1 valence 
electron per neutral atom, can acquire only one more by covalent 
bonding with another silver atom—far less than is required to form a 
stable octet of valence electrons. 

All other metals with 1, 2, or 3 valence electrons per neutral atom 
are in the same situation as silver, magnesium, and aluminum in this 
respect. In these pure metals the normal covalent bond cannot under 
any circumstances provide enough electrons to satisfy the valence 
requirements of any of the atoms present, and so they do not form stable 
valence-type crystals. Valence (and valence-molecular) crystals occur, 
therefore, only in pure elements having 4, 5, 6, or 7 valence electrons 
per neutral atom, and in alloys of electropositive metals with electro¬ 
negative elements capable of contributing both members of certain 
shared electron pairs. 

Ionic bonding is impossible in any pure metal. So also is the co¬ 
ordinate covalent bond, and stable valence-type crystals cannot form 
among elements having less than 4 valence electrons per neutral atom. 
Therefore, most of the common engineering metals form metallic 
crystals, within which each atom is held in position relative to its 
neighbors by a metallic bond —which is quite different in nature from 
cither the ionic or the covalent bond, although in some respects it 
resembles them both. 

3-13. The Metallic Bond 

Metal atoms, like all others, have a definite tendency to acquire as 
many additional valence electrons as they need to complete a stable 
octet. This tendency is evident in the readiness with which the metals 
form coordinate covalent linkages with certain electronegative atoms 
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when these happen to be present. In pure metals, of course, electro¬ 
negative atoms are not available, and so the valence requirements of 
the metal atoms are satisfied by electron sharing on a grand scale, in 
the formation of what is called the metallic bond. 

It has already been noted that when two atoms approach each 
other very closely their valence levels overlap, and certain electronic 
orbits may actually merge and become continuous about both of the 
atoms. Under the conditions which exist when metallic crystals form, 
something of this general nature occurs, not just for two atoms, as in 
valence crystals, but for all the atoms present within each crystal. 
Energy levels are created that are continuous throughout the entire 
crystal, surrounding every atom in it, and to these levels each atom 
contributes all of its valence electrons. 

A metal crystal of ordinary size contains something like 10*® atoms, 
each of which contributes one or more valence electrons to the con¬ 
tinuous energy levels of the crystal. Here, as always, Pauli’s principle 
applies, and no more than two electrons can simultaneously occupy 
any given electronic orbit within the crystal. While a single energy 
level may contain from one to several orbits of equal energy, it is 
evident that a very large number of different levels must be present to 
accommodate as many as 10 ^^ valence electrons. Apparently this 
multitude of levels forms by a peculiar spreading apart of valence 
levels which, in the isolated atoms, were equal in energy. As each atom 
is attached to a growing crystal, the energy levels occupied by its 
valence electrons undergo an energy shift, as a result of interactions 
between the electrostatic fields of the new atom and of those originally 
present. The extent of this shift seems to vary with the number of atoms 
initially present in the crystal, and undoubtedly their energy levels are 
also somewhat altered by the addition of each new atom to the crystal. 
Whatever the exact mechanism of the shift, the result is the formation 
of a large number of continuous levels, very closely spaced in energy, 
and clustered around or somewhat below the energy values of the 
valence levels which existed in the unattached atom. Within a metallic 
crystal of observable size there are so many levels in each cluster and 
they are all so nearly equal in energy that the group as a whole is called 
an energy band or Brillouin zone. A different energy band forms for 
each valence level that is affected in this way; but valence levels in 
most metals are so closely spaced that the resulting energy bands are 
adjacent, and they may actually overlap. 
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In a metallic crystal, then, all valence electrons of all atoms present 
are contributed to an energy band or to a series of adjacent or over¬ 
lapping energy bands, each of which represents a closely spaced series 
of valence-shell energy levels. Each such level contains one or more 
electronic orbits, and each of these orbits is continuous throughout the 
entire crystal, so that it is actually a part of every atom present in the 
crystal. Electrons contained in continuous orbits can move rather freely 
throughout the entire crystal. This relative freedom, with the very large 
number of electrons which possess it, is analogous in some respects to 
the situation of atoms or molecules in any ordinary vapor, and so the 
terms electron cloud and electron gas are commonly used to describe as a 
group the free valence electrons which exist within a metallic crystal. 

In the absence of external influences, electrostatic repulsion of their 
negative charges for each other keeps the distribution of these free 
electrons at least statistically uniform throughout the crystal. On the 
average, therefore, each atom present has enough free electrons grouped 
around it to satisfy its valence requirements, and all of these electrons 
are actually within its own valence levels. The same electrons are 
performing the same function at the same time for all neighbouring 
atoms, and it is the mutual attraction of all the atoms present for the 
same cloud of shared electrons which is the metallic bond. 

3-14. Metallic vs. Ionic and Covalent Bonding 

Resemblance of the metallic to the covalent bond is evident, since 
both involve the sharing of valence electrons. In covalent bonding, 
however, sharing occurs only between pairs of atoms; these atoms are 
immediately adjacent to each other; only two electrons are shared 
between them; and these electrons are confined to the immediate 
vicinity of the two atoms which they join. In metallic bonding, on the 
other hand, all the atoms present in a given crystal share all the valence 
electrons present, and these electrons can move freely throughout the 
entire crystal. Because it is based upon the general attraction of a large 
number of atoms for a dispersed cloud of electrons, the metallic bond— 
while strong—is far more flexible than the covalent bond. As will 
become evident in later chapters, this is extremely important in 
determining the properties of metallic crystals. Specifically, it makes 
possible extensive permanent deformation of them without fracture, 
which is impossible in valence and valence-molecular crystals. 

Since each atom of a metallic crystal contributes all of its valence 
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electrons to an electron cloud, many authors assume that actual ioniza¬ 
tion occurs, and that the metallic bond is closely akin to the ionic bond. 
There is some justification for this in the case of certain alloys which 
consist of metals differing widely in chemical activity, since, within a 
crystal of such an alloy, the concentration of electrons is always higher 
in the vicinities of the more electronegative atoms. In pure metals, 
however, where all atoms are identical, valence electrons are not lost 
but simply shared—as they arc in the covalent bond, though more 
promiscuously. Further, if ionization did occur, all the ions formed 
would be positive ones which apparently would repel each other and so 
tend to disrupt the crystal. The common statement that “a metallic 
crystal consists of ions surrounded by an electron cloud*’ seems mis¬ 
leading in obscuring these fundamental differences between the metallic 
and the ionic bonds. Therefore, in all the discussions which follow, 
metallic crystals will be assumed to consist of neutral atoms and not of 
ions. 

The metallic bond is, then, a distinctive type of linkage peculiar to 
the metals—whence, of course, comes its name. A majority of the 
known intermeiallic compounds, like most of the pure metals, form 
crystal structures by metallic bonding. For example, such well- 
established compounds as CU 3 AI, AuBe, and CusZng obviously violate 
every rule of chemical valence. They do so because their bonding is 
metallic, and is fundamentally different from the ionic and covalent 
bonding of chemistry. In fact, existence of the metallic bond in any 
given case is usually discovered by examining a specimen crystal by 
X-ray diffraction methods and attempting to rationalize its atomic 
configuration in terms of the ionic and the covalent bond. If this cannot 
be done, and if the properties of the crystal (particularly its electrical 
conductivity) are such as to rule out purely molecular bonding, then it. 
is simply assumed that the metallic bond must predominate in its 
formation. 

3-15. The Structures of Metallic Crystals 

Within a metallic crystal, the mutual repulsion of free electrons 
tends to keep them rather uniformly distributed. The atoms which 
form the crystal are held in position by their attraction for this relatively 
uniform electrostatic field, and so the atoms themselves assume a 
^^Sftilar arrangement^—one in which each atom has valence energy 
leveU continuous with those of its neighbors, and has enough nearest 
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neighbors so that electron sharing in the metallic bond can satisfy the 
valence requirements of all atoms present. As a result the atoms of a 
metallic crystal usually form a structure which has a high coordination 
number, and the most common structures of all are those in which the 
atoms are packed together as closely as mutual repulsion of their 
electronic and nuclear charges permits. 

Atoms, of course, are not spheres. However, it is often convenient 
to assume that they are, and some physical justification for doing so is 
found in the fact that the electrostatic field of force around an atom is 
at least roughly spherical. Further Justification appears in the fact that 
the two most common metallic crystal structures (the close-packed 
hexagonal and the face-centered cubic) are based upon arrangements 
of atoms which are identical with those assumed by rigid spheres—such 
as marbles or golf balls—when these arc packed together in such a 
way that they occupy the smallest possible total volume. In the dis¬ 
cussions which follow, therefore, atoms will often be described as 
spheres, and will occasionally be represented as spheres in sketches 
illustrating actual crystal structures. 

3-16. The Close-Packed Hexagonal (G.P*Hex.) Structure 

Suppose that a large number of rigid spheres, such as marbles, are 
to be stacked on a flat surface in such a way that the whole pile occupies 

the minimum volume. It will be 
found that in the first layer the 
closest possible packing of spheres 
is achieved when their centers 
occupy points that correspond 
to the apices of equilateral 
triangles. Each sphere is in con¬ 
tact with each of six nearest 
neighbors in the same layer and, 
as is indicated by the solid lines in 
Fig. 3-14, the arrangement may 
be considered to consist of cen¬ 
tered hexagons composed of seven 
spheres each. 

When a second close-packed layer is stacked on top of the first, 
individual spheres of the new layer come to rest in the hollows between 
spheres of the first layer. They may assume positions above the centers 



Fig. 3-14. First Layer of Close-Packed 

Spheres. 
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of the upward-pointing triangles in Fig. 3-14, or above the centers of 
the downward-pointing triangles, but—for lack of space—they cannot 
do both. Actually, in the final structure it makes no difference which 
type of position they assume. Either arrangement will give a second 
layer of spheres as closely packed as the first, in which each sphere of 
the second layer is tangent to six neighbors in its own plane and tangent 
also to three spheres in the first layer. Suppose, then, that the second- 
layer spheres assume the posidons indicated in Fig. 3-15<j, above the 
centers of the downward-poindng triangles shown in Fig. 3-14. 



(a) fb) 

Fic. 3-15. (<i) Second Layer of aose-Packed Spheres; (6) Third Layer of Sphere 

in Close-Packed Hexagonal Structure. 


Two altemadves again appear when a third layer of spheres is to 

be added: these may occupy the centers of either downward-pointing 

or upward-poindng triangles of the second layer. If they assume the 

first of these two posidons, above the centers of the downward-pointing 

triangles, the structure that finally results is the face-centered cubic 

arrangement discussed in Secdon 3-19. If, however, they come to rest 

above the centers of the upward-pointing triangles of the second layer, 

the third layer becomes an exact dupUcate of the firat and, sphere for 

sphere, lies verdcally above it. The result is the close-packed hexagonal 

arr^gement illustrated in Figs. 3-15* and 3-16. Occurring in nature 

as the close-packed hexagonal crystal structure, such an arrangement 

of atori^ “ contmued by a fourth layer which dupHcates the second, a 

^ which dupheates the first and third, and a sixth which duplicates 
the second and fourth, etc. 

The axial angles in the close-packed hexagonal structure are such 
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that, for classification and comparison with other structures, it can 
properly be referred only to the simple hexagonal space lattice. In Fig. 
3-17 the crystal structure in Fig. 3-16 has been reduced to an equivalent 
crystal lattice, and a proper unit cell of the corresponding space lattice 
has been outlined by solid lines. If the space lattice were extended to 
include several adjacent unit cells, it would become evident that the 
close-packed hexagonal structure is based on the simple hexagonal 
space lattice, but that two atoms (a corner atom and the body atom of 
one unit parallelepiped) are associated with each lattice point. However, 
when a single unit cell of the space lattice is considered alone, the 




Fig. 3-16. Unit Cell of the Close- 
Packed Hexagonal Crystal Structure. 


Fig. 3-17. Unit Cell of the Close- 
Packed Hexagonal Crystal Lattice. 
(Unit cell of the simple hexagonal 
space lattice is outlined by solid lines.) 


inherent symmetry of the structure is obscured by the fact that the unit 
cell contains an extra atomic position within its body, and this position 
seems to be located unsymmetrically with respect to the other points 
composing the unit cell. The true symmetry of the close-packed 
hexagonal arrangement becomes evident only when it is continued to 
the extent represented by Figs. 3-16 and 3-17. 

This particular arrangement of seventeen spheres or points is 
universally accepted as the unit cell of the close-packed hexagonal 
crystal structure or crystal lattice. Since it is a hexagonal prism instead 
of a parallelepiped, it is not a proper unit cell for the corresponding 
space lattice; actually, it includes the equivalent of three space-lattice 
unit cells—two whole parallelepipeds plus two separated halves. The 




3-17. Characteristics of the Close-Packed Hexagonal Structure 8/ 

rather confusing relationship which results can be justified only by 
noting that the points in a crystal lattice need not and often do not 
have identical surroundings. They are not subject to the same limita¬ 
tions as are points in a space lattice, and neither is the unit cell upon 
which the description of their arrangement is based. It is therefore 
considered perfectly proper to define a hexagonal prism as the unit 
cell in this case, although when the structure is to be referred to a 
corresponding space lattice the prism itself must subsequently be 
redescribed in terms of a parallelepiped. In any case, the hexagonal 
prism certainly affords a far more enlightening basis for examining 
the symmetry of the overall structure than does the parallelepiped, and 
so it is universally used as the unit cell in describing the close-packed 
hexagonal crystal structure. 


3-17. Characteristics of the Close-Packed Hexagonal Structure 

To represent completely a single unit cell of the close-packed 
hexagonal crystal structure requires seventeen atoms—seven atoms each 
in its two bases, plus three atoms enclosed by the hexagonal prism. 
However, except in sketches or 
models, no unit cell of any crystal 
structure ever exists alone. It 
occurs only as part of an actual 
crystal, within which it is com¬ 
pletely surrounded by other, 
identical unit cells that are simi¬ 
larly oriented and share with it 
the faces, edges, and corners 
appearing on the sketch of a single 
unit cell."^ 

From Fig. 3-18 it is evident 
that each comer atom of the close-packed hexagonal unit cell serves 
also as a corner for five other, adjacent unit cells. Therefore, one-sixth 
of each of twelve comer atoms, or two corner atoms only, may be 
considered the exclusive property of any given unit cell. Similarly, each 
base-centered atom is shared by another unit cell above or below 



Fio. 3-18. Arrangement of Unit Cells in 
a Close-Packed Hexagonal Crystal. 


1 Only at a surface of the crystal arc there unit cells which are not entirely surrounded in 
this way, and this is an exceptional case involving only a relatively small proportion of the 
^t cells present in a crysul of observable size. However, while the number of surface atoms 
IS relatively small, they are $0 important in determining the properties and behavior of the 
metal as a whole that they will be considered at some length in a later chapter. 
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that being discussed, and so one-half of each of two base-centered 
atoms, or one atom only, belongs to the cell in question. The three 
atoms included in the body of the unit cell are not shared. Therefore, 
although seventeen atoms are needed to construct an isolated unit cell, 
within an actual crystal structure the unit cell consists of two comer 
atoms plus one base-centered atom plus three body atoms, or a total of 
six atoms only. 

The concept that a close-packed hexagonal unit cell consists of only 
six atoms has direct usefulness in the study of actual crystals. For 
example, the number of atoms present in any given crystal can be 
calculated from its mass, its chemical composition, the atomic weight 
of each element present in it, and Avogadro’s number. This value 
divided by 6 will give the number of unit cells present in it, if its structure 
is close-packed hexagonal. The number of unit cells present can also be 
determined from the volume of the crystal and its lattice parameter as 
measured by the methods of X-ray diffraction. Agreement between the 
experimental and the calculated values indicates that the structure 
is actually a close-packed hexagonal one; disagreement indicates that 
the structure is not close-packed hexagonal, and that other atomic 
arrangements must be assumed and the calculation repeated until 
agreement is attained. 

From Section 3-16 it is evident that each atom in a close-packed 
hexagonal crystal has six nearest neighbors in its own plane, three more 
in the plane immediately above it, and three more in the plane imme¬ 
diately below. Therefore, the coordination number of the close-packed 
hexagonal crystal structure is 12. This is equaled only by the coordina¬ 
tion number of the face-centered cubic structure, which is discussed 
below. In valence-type crystab coordination numbers are ordinarily 4 
or less, and in other metallic structures they are 8 or less. The relatively 
high coordination number of a close-packed hexagonal metal b 
reflected in such properties as its density, its strength, diffusion rates 
within it, etc., as will be dbcussed in later chapters. 

Of particular importance in connection with these later discussions 
are the planes and directions within a close-packed hexagonal crystal 
which are most densely packed with atoms, since these are the strongest 
planes and directions that pass through it. An inspection of the cImc 
packed arrangement of spheres described in Section 3-16 will show 
continuous rows of spheres, in which each sphere b tangent 
of two neighbors in the same row, appear only along and paraUel to 
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the horizontal edges of the unit prism. In other words, the close-packed 
directions of the structure are those of the < 100> family, which arc 
parallel to the coplanar axes. Including negative directions, there are 
six <100> directions making angles of 60°, 120°, and 180° with each 
other, and all lie within the {001} planes. Further inspection of the 
arrangement will indicate that the {001} planes are the only ones on 
which the spheres are as closely packed as is possible. In a hexagonal 
structure the {001} family of planes contains only the (001) set. There 
is, then, one set of planes through a close-packed hexagonal crystal 
which is much more densely packed with atoms than is any other.* 

3-18. Examples of Close-Packed Hexagonal Crystals 

Pure elements which crystallize in the close-packed hexagonal 
structure are magnesium, zinc, cadmium, beryllium, «-nickel, ^- 
chromium, a-cobalt, a-titanium, a-zirconium, y-calcium, osmium, 
rhenium, ruthenium, a-thallium, a-cerium, hafnium, erbium, holmium, 
a-lanthanum, a-praseodymium, neodymium, gadolinium, dysprosium, 
^-scandium, lutctium, terbium, thulium, yttrium, and technetium. 
(The Greek-letter prefix used with some of these elements indicates one 
crystal form of an clement which may, under different conditions of 
temperature or pressure, exist in some crystal form other than the 
close-packed hexagonal. This type of behavior is quite common among 
metals and, as polymorphism^ is discussed in the next chapter.) 

Close-packed hexagonal crystal structures are also common among 
intermetallic compounds. Typical examples include AgCd, AgCd 3 , 
AuCdj, CuCd 3 , AgZn 3 , AuZn 3 , CuZn 3 , Ag 3 Sn, Au 3 Sn, Gu 3 Sn, 
Ag 5 Al 3 , AU 5 AI 3 , Cu 3 Ge, CujGe, Cu 3 Si, CuBe 3 , Ag 7 Sb, NijMo, Ti 2 H, 
TazH, ZriH, W 2 C, M 02 C, V 2 C, Ta 2 G, Cr 2 N, FezN, and Mn 2 N. 

The lattice parameters a and c are different and distinctive for each 
different material crystallizing in the close-packed hexagonal structure. 
Their precise measurement by X-ray diffraction methods affords a 
reliable method of qualitative analysis which can be applied to very 
small samples and is nondestructive of them. 

In a close-packed hexagonal arrangement of identical spheres, 

• Sketches such as those in Figs. 3-16 and 3-17 are somewhat misleading in this respect, 
particularly with regard to the horizontal plane of spheres that is midway between the prism 
bases. This intermediate plane has the same indices as the bases do, and from Fig. 3-15 it is 
evident that it is just as densely packed with spheres. In fact, a different location of the 
origin of reference coordinates would have made this a basal plane for the unit cells, and the 
layers above and below it intermediate planes through adjacent unit cells. 
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simple geometry shows that the axial ratio cja is 1.633. Apparently 
this should also be true of all close-packed hexagonal crystal structures, 
and in fact many such crystal structures are known to approximate this 
value quite closely. On the other hand, several have been observed 
which do not, and among these the axial ratio ranges from about 1.56 
to about 1.89. In both zinc and cadmium, for example, the axial ratios 
are definitely greater than the theoretical value of 1.633. The reason 
for this is not known. It has frequently been proposed that in these two 
cases a systematic distortion of the close-packed hexagonal structure 
has resulted from an attempt by zinc or cadmium to observe the 8 minus 
N rule. Thus, a neutral atom of either metal has 2 valence electrons; 
and if it could acquire enough more by covalent bonding to satisfy its 
valence requirements, it would form a valence structure in which the 
coordination number was 6. With an axial ratio greater than 1.633, 
crystals of zinc and of cadmium actually do have a coordination number 
of 6. Each atom has six nearest neighbors in its own (001) plane, plus 
three neighbors just a little farther away in the (001) plane next above 
its own, and three more similarly removed in the (001) plane just below 
its own. In this way zinc and cadmium seem to obey the 8 minus N rule, 
suggesting that within each layer the metallic bond may be akin to 
covalent bonding. However, in no other respect do zinc or cadmium 
crystals resemble crystals of the valence type, so that their apparent 
observance of the 8 minus W rule may be simple coincidence. On the 
other hand, such a systematic and consistent distortion of the close- 
packed hexagonal structure must in some way depend directly upon 
the bonding forces involved in its formation. Just what relationship 
does exist in this case is not yet known. 

3-19, The Face>ceiiterecl Cubic (F.C.C.) Structure 

If, in stacking the marbles in Section 3-16, spheres of the third 
layer are placed over the centers of the downward^^ioinXxng triangles of 
the second layer, then the third layer duplicates neither the first nor 
the second. When a fourth layer is to be added, it appears that its 
spheres might be located over the centers of either upward-pointing 
or downward-pointing triangles of the third layer. Actually, the first of 
these two possibilities is ruled out by the fact that such an arrangement 
results in exact vertical alignment of the spheres in the fourth layer 
with those in the second, which gives close-packed hexagonal symmetry 
to the second, third, and fourth layers. An arrangement of spheres 
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which is not close-packed hexagonal can be produced only by placing 
the fourth-layer spheres above the centers of the downward-pointing 
triangles of the third layer, as is indicated in Fig. 3-20. When this is 




Fig. 3-19. Third Layer of Qose* 

Packed Spheres in the Facc-Ceniered 
Cubic Structure. 

done, the fourth layer duplicates the first, and the result is the face- 
centered cubic structure. In actual crystals that are face-centered 
cubic, the fifth layer of atoms duplicates the second, the sixth duplicates 
the third, the seventh duplicates the first and fourth, and so on through¬ 
out the crystal. 

Cubic symmetry is not obvious in the arrangement of spheres shown 
in Fig. 3-20. It becomes evident, however, when a unit cell is constructed 


Fig. 3-20. Fourth Layer of Spheres 
in the Face-Centered Cubic Structure. 




Fio. 3-21. Unit Cell of 
the Face-Centered Cubic 
Structure, Referred to 
Close-Packed Layers of 
Spheres. 


Fic. 3-22. Unit Cell of 
the Face-Centered Cubic 
Structure Reoriented. 


by selecting spheres as is indicated in the crystal lattice in Fig. 3-21. 
Here one sphere of the first layer serves as the bottom corner of the 
unit cell. Six spheres of the second layer, forming a triangle around but 
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just above this sphere, appear as the (111) plane at that comer of the 
cubic unit cell. Sue spheres of the third layer, forming a triangle similar 
to that of the second layer but pointing in the opposite direction, form 
the (111) plane at the opposite comer of the unit cube. Finally, the 
sphere of the fourth layer which falls above the centers of these triangles 
and above the single first-layer sphere originally chosen, serves to 
complete the unit cell. Fig. 3-22 represents the same unit cube shown 
in Fig. 3-21, but in the more familiar orientation in which the face- 
centered cubic unit cell is usually sketched. 

From Fig. 3-22 it is evident that the face-centered cubic crystal 
structure is based upon the face-centered cubic space lattice, and that 
only one atom in the crystal stmeture is associated with each lattice 
point. 

An extended face-centered cubic crystal structure shows that each 
corner atom of a given unit cell serves also as a comer for three other 
unit cells in the same layer of cubes, and for four other unit cells in the 
layer next above or next below its own. Further, each face-centered 
atom is shared with one adjacent unit cell. Therefore, within a face- 
centered cubic crystal, a unit cell consists not of the fourteen atoms 
represented by black dots in Fig. 3-22, but rather of (i X 8) -|- (^ X 6) 
= 4 atoms only. 

Like the close-packed hexagonal crystal stmeture, the face-centered 
cubic stmeture represents the closest possible packing of atoms, and has 
a coordination number of 12. This is evident from the fact that each 
sphere in the arrangement in Fig. 3-20 has six neighbors in its own 
plane which are tangent to it, and three tangent spheres in the layers 
immediately above and immediately below its own. 

In face-centered cubic crystals, the close-packed planes are the 
octahedral or (HI) family, and the close-packed directions are the 
<110> family of face diagonals. These are exactly equivalent in density 
of atomic population to the close-packed planes and directions of the 
close-packed hexagonal stmeture. However, in the face-centered cubic 
stmeture there are four intersecting sets of close-packed planes instead 
of a single set, and twelve close-packed directions (including negative 
directions) instead of six. This much greater number of strong planes 
and strong directions leads to wide differences in properties between 
face-centered cubic and close-packed hexagonal metals, as will become 
evident in later chapters. 

Among the pure elements, the face-centered cubic crystal stmeture 
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3-20. Tfu Body-Centered Cubic {B.C.C.) Structure 

is typical of y-iron, aluminum, copper, ^-nickel, lead, gold, silver, 
platinum, palladium, )3-rhodium, iridium, a-calcium. strontium, 
thorium, /S-cobalt, ^-cerium, )5-lanthanum, ^-praseodymium, a-scan- 

dium, and ytterbium. 

Among intermetallic compounds, the face-centered cubic structure 
appears in AlSb, AuzBi, Au 2 pb, CuzMg, Bi 2 K, Pd 2 Cr 3 , ZrH, Zr^H. 
TiH, and Pd 2 H. (The sodium chloride and calcium fluoride structures, 
which are ionic-type modifications of the face-centered cubic structure, 
were discussed in Section 3-8.) 

While all of the above materials form face-centered cubic crystals, 
each docs so with a different and distinctive value of the lattice 

parameter a. 

3-20. The Body-Centered Cubic (B.C.C.) Structure 

Unlike the close-packed hexagonal and face-centered cubic crystal 
structures, the body-centered cubic structure cannot be represented by 
spheres packed together to occupy the minimum total volume. This is 
aiso true of all the other struc¬ 
tures listed in Section 3-21. One 
of the major mysteries that re¬ 
main in the study of metal crystals 
is why the metallic bond does 
not always produce one or the 

other of the two possible close- 3 ^3 ^nit Cell of the Body- 

packed arrangements of atoms. Centered Cubic Structure. 

As is evident from Fig. 3-23, 

the body-centered cubic crystal structure is based on the body-centered 
cubic space lattice, and one atom of the crystal structure is associated 
with each lattice point. The unit cell, although here represented by nine 
points, in an actual crystal consists of ^ X 8 = 1 comer atom plus one 
unshared body-centered atom, or a total of two atoms per unit cell. 
The coordination number of the structure is 8, compared with 12 for 
close-packed structures (and this undoubtedly is significant in indicating 
bonding forces which are somehow different from those involved in 
close-packed crystals). 

In body-centered cubic crystals, the six sets of {110} planes are the 
ones most densely populated with atoms, and the eight < 111 > directions, 
or cube diagonals, are the most closely packed crystallographic 
directions. 
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The body-centered cubic crystal structure occurs in the following 
pure metals: «-iron (the form stable at room temperature), 8 -iron 
(stable only at very high temperatures), a-tungstcn, molybdenum, 
vanadium, «-chromium (the common form), sodium, potassium, 
a-Iithium, rubidium, cesium, barium, tantalum, columbium, /?- 
titanium, ^-zirconium, j3-thallium, and europium. Among inter- 
metallic compounds it appears in AgZn, CujAl, CoAl, FeAl, CujGa, 
CujSn, LiAg, LiAl, and TaH. Here, as always, different body-centered 
cubic materials have different and distinctive lattice parameters, in 
spite of the identical symmetry of their crystal lattices. 

3-21. Other Crystal Stmctnres 

From the long lists above of metals which assume close-packed 
hexagonal, face-centered cubic, and body-centered cubic structures, it 
is evident that most metals of engineering importance form one or 
another of these three types of crystab. This, of course, greatly simpli¬ 
fies the systematic study of metallic crystals and their behavior. There 
are, however, a number of other, less-common crystal structures which 
appear among pure metals or intermetallic compounds of sufficient 
importance to be mentioned rather frequently in metallurgical litera¬ 
ture. Among these are the following: 

1. Simple Cubic. Among pure metals a simple cubic crystal 
structure is unknown, although it is said^ to occur in the intermetallic 
compound Li 3 Ag. The cesium chloride structure, an ionic-type modifi¬ 
cation of the simple cubic, was discussed in Sections 3-7 and 3-8. 

2. Complex Cubic, (a) Diamond Structure: The tetrahedral- 
cubic or diamond crystal structure was described in Section 3-9. It is a 
valence-type crystal, known to occur in diamond itself, «-tin (gray tin), 
silicon, germanium, j3-tungsten, a-rhodium, and the compounds SiC 
and AlSb. (b) Alpha-Manganese Structure: Manganese is unusual 
among the electropositive elements in forming a relatively complex 
crystal structure which is based upon the body-centered cubic space 
lattice but contains 58 atoms per unit cell. This is usually identified as 
the a-manganese structure, although it is also assumed by y-chromium. 
(c) Beta-Manganese Structure: In a different range of temperatures 
the beta form of manganese becomes stable. The ^-manganese structure 
is based upon a simple cubic space lattice, but contains 20 atoms per 
unit cell. It also occurs in Ag 3 Al, AU 3 AI, Cu^Si, and CoZn 3 . (d) Gamma- 

» Mtlds Handbook, Cleveland, American Society for Metali, 1948 cd. 
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Brass Structure: CujZng, the basis of y-brass, has a complex cubic 
crystal structure containing 58 atoms per unit cell. The same struc¬ 
ture also appears in AgsCdg, Ag 5 Hg 8 , Ag 5 Zng, AusCdg, Au 5 Zn 8 , 
CusHgg, Co5Zn2i, Ni5Cd2i, Fe5Zn2i, Ni5Zn2i, Pd5Zn2i, Rh5Zn2i, 
CusCdg Pt 5 Zn 2 |, CU 9 AI 4 , Cu 9 Ga 4 , Cu 9 ln 4 , Cu 3 iSi 8 , Cu 3 iSng, and 
Na3|Pb8. 

3. Tetragonal. The most important tetragonal material is marten¬ 
site, a metastable phase which appears in rapidly cooled steels and 
gives them their high hardness. Martensite is body-centered tetragonal, 
as are jS-tin (white tin), y-manganese, indium, N^Mo, and Fe 2 B. As 
was said in Section 2-4, all of these might properly be hsted as face- 
centered tetragonal instead of body-centered tetragonal. The c parame¬ 
ter of the crystal structure would be the same in either case, but the 
a parameter would be \/2 times as great for the same unit cell if it 
were listed as face-centered tetragonal instead of body-centered 
tetragonal. 

Fe 2 As and Cu 2 Sb are said*® to be simple tetragonal. Complex 
tetragonal crystals include CuAU (with twelve atoms per unit cell), 
one form of boron, Al 3 Ca, Al 3 Ti, Fe 3 P, N^Sn, AuPb 2 , and a-FeSe. 

4. Orthorhombic. FeAs is said'* to be simple orthorhombic, 
a-sulfur (yellow sulfur) is face-centered orthorhombic. More complex 
orthorhombic structures occur in uranium, gallium, black phosphorus, 
one form of boron, FeB, CdSb, FeSb 2 , FeSe 2 , FCAI 3 , MnAl 3 , NiAlj, 
MnAlg, CrAl 7 , CU 2 S, Cu 3 Sn, Fe 3 C, and Cr 3 C 2 . 

5. Rhombohedral. Antimony, arsenic, and bismuth form rhombo- 
hedral, valence-molecular crystals, discussed in Section 3-11. Mercury, 
when solid, forms a simple rhombohedral structure with a coordination 
number of 6 —suggesting another attempt by a metallic element to 
obey the 8 minus N rule through some bonding mechanism which is 
not yet understood. AgjSn and Mn 7 C 3 are also rhombohedral. 

6 . Monoclinic. Polonium, /9-suIfur, AIB, 3 , and Cd 3 Sb 2 all form 
monoclinic crystal structures. 

7. Hexagonal. WC and MoN form simple hexagonal crystal 
structures. The nickel arsenide structure, based on the simple hexagonal 
space lattice, occurs in NiAs, NiS, jS-FeSe, Fe 2 Ge, Fe 2 Sn, and Co 2 Sn. 
Other hexagonal structures are found in graphite and, as shown in 
Fig. 3-12, in selenium and tellurium. 

11 * Handbook, Cleveland, American Society for Metals, 1948 ed. 
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3-22. Rationalization of Observed Crystal Structures 

On the basis of the coordination number required in the crystal 
structure to satisfy the valence requirements of the component atoms, 
it is possible to rationalize simply and satisfactorily the structures of 
most valence and valence-molecular crystals. Unfortunately, this is not 
often true of crystals of the other types discussed above. Solid-state 
physicists are now deeply involved in studying the mysteries of 
crystallization, and the physical approach to their solutions seems 
very promising. However, in this field much still remains to be 
learned. 

For example, it is evident that, for an ionic crystal composed of 
singly charged positive ions (such as Na'*’) and singly charged negative 
ions (such as Cl”), the stable structure must be one in which positive 
ions are surrounded only by negative ions and negative ions only by 
positive ones. Further, in this case a one-to-one ratio of positive to 
negative ions must exist for the crystal as a whole. However, both of 
these requirements are fulfilled as well by the cesium chloride as by the 
sodium chloride structure. Sodium and cesium appear together in 
Group lA in the periodic table. Why, in association with chlorine, do 
these two similar elements form crystal structures that differ? A partial 
answer is found in the relative sizes of the sodium, cesium, and chloride 
ions. The sodium ion is enough smaller than the chloride ion so that it 
can fit interstitially among close-packed chloride ions. This makes 
possible a sodium-chloride structure in which, in effect, the chloride 
ions assume a close-packed arrangement (face-centered cubic) and the 
sodium ions occupy the openings within this arrangement. The cesium 
ion, being more nearly equal in size to the chloride ion, cannot fit 
into an opening as small as this. In cesium chloride, therefore, there 
appears a crystal structure that is not close packed, but which has a 
higher coordination number (8) than the sodium-chloride structure 
(whose coordination number is 6). The larger number of oppositely 
charged nearest neighbors in the cesium-chloride structure evidently 
compensates, at least in part, for an increase in average lon-to-ion 

distance. 

Again, by means of a wave-mechanical treatment, it has been 
demonstrated that, as each new atom is added to a metalhc-type 
crystal, there occurs a reinforcement of the electrostatic attractive field 
that holds its valence electrons in their orbits. A reduction m the kineUc 
energy of the valence electrons results, representing a free-energy loss by 
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the system, and it is this energy reduction that makes a metaUic crystal 
thcrmodynamicaUy stable. However, the increase in field strength is 
in general quite uniform as each additional atom joins the structure. 
Field strength should therefore be a maximum and free energy a 
minimum when each atom has the greatest possible number of nearest 
neighbors, i.e., when a close-packed crystal structure has been formed. 
Evidently, then, (at least at relatively low temperatures) the metallic 
bond should always produce either a close-packed hexagonal crystal 
structure or a face-centered cubic one. Why, in so many cases, does it 
not? And why, when a close-packed structure does appear, is it some¬ 
times cubic and sometimes hexagonal? 

The truly fundamental approach to the rationalization of crystal 
structures in general is mathematical, based upon the bonding forces 
that hold atoms together to form a crystal and upon the relative free 
energies represented by the various arrangements of these atoms which 
might result. For a few of the simpler pure metals, wave mechanics 
allows a reasonably precise calculation of the energies which would 
exist with a variety of possible atomic configurations. These calculations 
simply verify the fact that, for each of the metals concerned, the crystal 
structure which exists under equilibrium conditions is indeed the one 
arrangement of atoms that represents minimum free energy for the 
system. What is more important, however, they also demonstrate 
the validity of the wave-mechanical approach to the problems of 
crystal structure. The calculations themselves have received further 
verification from the results of experimental determinations of heats 
of sublimation.*^ These arc an excellent index of bonding energies, 
since heat of sublimation represents the energy required to remove 
a known number of atoms direedy from an undestroyed crystal 
structure. 

While it is a relatively new field and its results so far are obviously 
incomplete, the physics of crystalline substances is now receiving 
serious attention and is developing rapidly both in scope and in exact¬ 
ness. In the foreseeable future there should appear complete quantita¬ 
tive demonstrations of the relationships which exist among chemical 
composition, type and strength of bonding forces, energy condition, 
and atomic arrangements .in observed crystal structures. Then crystallo¬ 
graphy will have been reduced to an exact science. 

12 F. Seitz, “The Contribution of Modem Physics to Metallunrv.” 7. of Abbl Phts 
November, 1948, pp. 973-987. J V PP*- rnyi.. 
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3-23. Electron Concentration 

One intriguing approach to the rationalization of metallic crystal 
structures is based upon the concept of electron concentration, which was 
originated by Hume-Rothery. By its use the structures of a number of 
pure metals and of many intermetallic compounds can be correlated at 
least, if not actually explained. As a result, electron concentration is now 
frequently mentioned in metallurgical literature. 

The electron concentration of a given pure metal or alloy is simply 
the average number of valence electrons present per atom in its crystal 
structure; i.e., it is the total number of valence electrons present in a 
given crystal divided by the total number of atoms present in the same 
crystal. Since the distribution of valence electrons in the electron cloud 
is at least statistically uniform throughout a metallic crystal, each atom 
in it should apparently be surrounded by a number of free electrons 
which, on the average, is exactly equal to the electron concentration 
thus calculated. In the formation of the metallic bond, the position of 
each atom relative to its neighbors is determined by the attraction for 
it of the free electrons there are in its immediate vicinity. It might be 
expected, then, that in different metals and alloys having the same 
electron concentration the bonding forces would be similar, and the 
crystal structures formed would be the same. Frequently this is true, 
but often it is not. 

For example, elements in the same group in the perio.dic table 
necessarily have the same number of valence electrons per neutral 
atom and, when solid, they would be expected to crystallize in the 
same structure. This is true of lithium, sodium, potassium, rubidium, 
and cesium, all of which are in Group lA and all of them body-centered 
cubic. It is also true of copper, silver, and gold in Group IB, but these 
are face-centered cubic instead. In Group IIA, calcium and strontium 
are face-centered cubic, but barium is body-centered cubic. All the 
members of Group I IB are close-packed hexagonal except mercury, 
which forms a simple rhombohedral structure. Group IIIB contains the 
odd assortment of face-centered cubic aluminum, orthorhombic 
gallium, body-centered tetragonal indium, and close-packed hexagonal 
thallium. 

It is evident that electron concentration is not the only factor 
involved in determining the structure assumed by a pure metal. This is 
also true of the alloys, where exceptions appear to almost any generali¬ 
zation based on electron concentration that might be made. 
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Thus, ^-brass contains on the average about one atom of zinc for 
each atom of copper present. Associated with each such pair of atoms 
are 2 valence electrons contributed by the zinc, and 1 by the copper. 
The electron concentration of /3>brass therefore is (2 + l)/2 = 
electrons per atom, and the crystal structure of /3>brass is body-centered 
cubic. Many intermctallic compoimds are known which have both the 
same electron concentration and the same crystal structure; examples 
include AgZn, CU 3 AI, and Cu 5 Sn. On the other hand, there are also 
many compounds in which the electron concentration is 1 ^ electrons 
per atom and the structures arc not body-centered cubic; thus Ag 3 Al, 
AU 3 AI, Cu 5 Si, and CoZn 3 all have the ^-manganese structure. Further, 
there are many body-centered cubic compounds which do not have an 
electron concentration of 1^ electrons per atom—e.g., LiAg, CoAl, and 
TaH. 

Similarly, the close-packed hexagonal structure seems to be very 
common in intermetallic compounds having an electron concentration 
of 7 electrons to 4 atoms {or 1^ electrons per atom). This is true of 
AgCd 3 , Au 3 Sn, CuZn 3 , others. The y-brass structure is common 

when the electron concentration is 21 electrons to 13 atoms_e.g., in 

AgsCdg, CU 9 AI 4 , and Cu 3 |Sng. However, in both cases, many com¬ 
pounds arc known which have these same electron concentrations and 
different crystal structures, or the same crystal structure and different 
electron concentrations. Further, in forming compounds, the transition 
elements seem to 6 t into such groups only when, in calculating the elect¬ 
ron concentration, they are illogically assumed to have zero valence. 

Departures from regularity in the crystal structures of metals and 
alloys having the same valence-electron configuration undoubtedly 
result from differences in the electrostatic fields associated with the 
atoms which form these structures. Even when they fall within the 
same group in the periodic table, they differ in internal structure and so 
m the magmtude and geometry of their electrostatic fields, and in the 
energy loss which occurs as adjacent atoms interact. It is not surprising 
then, that electron concentration alone is not a sufficient guide to the 
structures which can be expected in metal crystals. 

In spue of its limiutions, electron concentration makes possible 

some very interesting correlations of alloy structures, as wiUsubsequenUv 

be demonstrated, and itself correlates beautifully with a few physical 

properties, such as the saturation magnetization of various ferro- 
magnePc alloys. 



CHAPTER 4 


Polymorphism 


There are a number of common substances—silica, for instance, and 
sulfur—which have different crystal structures under different condi¬ 
tions of temperature or pressure, and which change rather freely from 
one structure to another in response to changes in their environment. 
This type of behavior is quite common among the metals; and par¬ 
ticularly in connection with the alloys of iron it has an industrial 
significance so vast that it must be considered one of the most important 
aspects of metal behavior. 


4-1. Polymorphic Transformations 

Existence of a given solid material in two or more stable but different 
crystal structures under different conditions of temperature, pressure, 
or method of preparation is termed polymorphism (or polymorphy). The 
different crystal structures a given material can assume are called 
polymorphic forms of that substance, and the conversion of one poly¬ 
morphic form to another is described as a polymorphic transformation} 

Since the various polymorphic forms of any given material differ in 
internal structure, they differ also in properties, and distinction among 
them is often important. In general, polymorphic modifications of the 
same substance are identified by attaching to the name or chemical 
symbol of that substance a different Greek-letter prefix for each different 
modification. The prefix a (alpha) ordinarily indicates the form that 
is stable at atmospheric or lower temperatures; )3 (beta) usually desig¬ 
nates a second form of the same material that is stable at some higher 


» The terms “polymorphism” and “allotropy” are used interchangeably by most authors. 
Actually they differ in that, by definition, an allotropic transformation occur rwenibly, 
whereas a polymorphic transformation involves detectable hysteresis. As is discussrf below, 
transformations of this type in metals and alloys seem always to **’ 

and so polymorphism will be used here to describe them. Admittedly this is a fine distinction, 
and perhaps it is actually an improper one; hysteresis probably "presents a 
equilibrium, and a close approach to true equilibrium conditions should apparently tause a 
polymorphic transformation to approach the reversibility of an allotropic transformauon. 

100 



4-2. Examples of Polymorphism * U1 

range of temperatures; y (gamma) and S (delta) represent still lugher- 
temperature forms if these exist. For example, a-Sn (a tetrahedral cubic 
structure, also called gray tin) is stable under atmospheric pressure at 
any temperature below about 56° F.. but changes spontaneously to 
^-Sn (body-centered tetragonal, called white tin) at higher tempera¬ 
tures. The ^ form is the usual and useful form of tin, and persists up to 
the melting point. Reversion of ^-Sn to a-Sn upon cooling to below 
56° F. is accompanied by pronounced embrittlement of the tin, and by 
a volume expansion of about 25%. Together, these changes may cause 
the tin to develop “warts” or even to crumble into a gray powder— 
an effect so mysterious to early metallurgists that they called it “tin 
pest” and attributed it to either disease or insect attack. 

In most other metals the differences in properties among different 
polymorphic forms are not so pronounced as they are in the case of tin. 
However, in any metal, a polymorphic transformation is accompanied 
by changes in lattice parameter and specific volume, and in such 
physical and mechanical characteristics as electrical resistivity, specific 
heat, hardness, ultimate strength, and ductility. These changes are 
often of direct importance to the fabricator or user of the metal, as is 
spectacularly evident in the case of tin. 

4-2. Examples of Polymorphism 

In addition to tin, the following pu^re metals arc known to exist 
in two different polymorphic forms which are stable over different 
ranges of temperature: iron,2 nickel, cobalt, tungsten, titanium, boron, 
beryllium, uranium, zirconium, rhodium, scandium, thallium, cerium, 
lanthanum, and praseodymium. At least four well-known metals are 
known to exist in three different polymorphic modifications—chromium, 
calcium, lithium, and selenium. Manganese appears in four different 
polymorphic forms. Additional polymorphic forms of several of these 
metals have been identified in electrolytic deposits and in specimens 
subjected to very high pressures. However, since most industrial metals 
are cast initially and are subsequently formed, fabricated, and used at 
pressures which are near atmospheric, these other possible forms are 
usually neglected by the metallurgbt. In general they will be neglected 
in the discussions that follow; the only polymorphic forms considered 
arc those that arc stable under pressure of one atmosphere. 

2 Iron was at one time supposed to exist in four different polymorphic forms—* fl v and S 
M IS bright out m Allqjt Strics in Physical Mtlallurgy. Chap. 7. it is now generally agreed 
inat «•, and &>iron arc actually the same form. 
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Polymorphic transformations also frequently occur in alloys based 
on the above metals. Whenever it is feasible to do so, a polymorphic 
form of an alloy is identified by the same Greck-lctter prefix used to 
identify the predominant metal in it when, as a pure clement, that metal 
has a similar crystal structure. For example, steels arc primarily alloys 
of iron and carbon; and since y-Fe is face-centered cubic, the face- 
centered cubic structure in steels is also identified as the y form. 
Similarly, the a and 8 forms of steel are body-centered cubic, as are the 
a and 8 forms of iron itself. 

4-3. The Theoretical Basis for Polymorphism 

A. H. Cottrell^ has developed a convincing case in support of the 
concept that polymorphic transformations are perfectly normal among 
crystalline solids, and would always occur if melting or vaporization 
did not intervene. Neglecting its mathematics, his argument is about 
as follows: 

It is difficult to conceive of a substance which could not, under any 
imaginable set of conditions, exist in more than one crystal form. Even 
elements such as carbon and selenium, which form valence-type 
crystals, are known to do so, and possible variations among molecular, 
ionic, and metallic crystals are relatively numerous. Initially, then, it 
seems reasonable to assume that for any given substance there are 
always two or more alternative crystal structures, any of which might 
satisfy the bonding requirements of its component atoms. These arc 
possible polymorphic forms. 

At the absolute zero, as at any other temperature, only the particular 
crystal structure is stable which has lower free energy than has any 
other possible modification of the material in question. As the tempera¬ 
ture rises above 0® K., the free energy diminishes not only for this stable 
form, but also for all the others that the substance might conceivably 
assume.^ It does so, however, at a different rate for each different form; 
in general, free energy diminishes most rapidly for the form that has 
the greatest specific heat.^ The stable crystal structure, being more 
strongly bonded than any other, may be expected to have the lowest 
specific heat, and so to diminish in free energy least rapidly. 

3 A- H. Cottrell, TheoretiaU Struetural Metallurgy, New York, Longmans, Green and 
Company, Inc., 1948. 

* Ibid. 

i Ibid. 
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The result of this trend is represented schematically in Fig. -1-1. 
Here, of two possible polymorphic modifications of the same material, 
the a form has the lower free energy at 0*^ K. However, the P form, 
having higher specific heat, loses free energy more rapidly as the 
temperature rises, and so becomes the stable modificauon at any 
temperature above T,—some critical temperature at which the two 
free-energy vs. temperature curves cross. To this diagram a third 
curve, such as the dashed curve L, may be added, representing free- 
energy vs. temperature relations for the same material in the liquid 

state. If this should happen 
to cross the « curve at any 
temperature below 7"^, then 
melting would occur before 
polymorphic transformation 
became possible, and the ^ 
form could never appear as a 
stable crystal structure. If, on 
the other hand, it crossed the 
a curve at some temperature 

which is above T„ then 
during heating the a —► jS 
transformation would occur at 
T,r. followed eventually by 
melting of the modification 
at some still higher tempera¬ 
ture, r„. 

There is no good reason 
why y, 8, «, etc., modifications 
of this same substance could not exist. For each of these the free-energy 
curve must descend with rising temperature, and it should descend 
most rapidly for the possible form that has the greatest free energy at 0° 
K. If melting did not intervene, there might then be a second poly¬ 
morphic transformation at some temperature above T^ (as actually 
occurs in some metals), and perhaps even a third and a fourth and fifth. 

Occasionally polymorphism is more complicated than this. In iron, 
for example, the body-centered cubic a form is stable at 0® K. and 
remains so up to about 1670° F., when it transforms to the face-centered 
cubic y form. y-Fc persists to about 2550° F. and then reverts to the 
body-centered cubic form—usually called 8-Fe in this temperature 



Fic. 4-1. Free-Energy vs. Temperature 
Relations for a and p Modi6cations of the 
Same Crystalline Solid, and for Its Liquid 

State (Z.). 
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range, but actually identical with the a form. Thereafter, 8-iron is 
stable up to the melting point. 

Free-energy vs. temperature relations for the body-centered cubic 
(a) and face-centered cubic (y) modifications of iron are illustrated 
by the curves in Fig. 4-2. The y curve has a normal trend throughout 
the temperature range shown. The a curve appears normal to and 
just above 1670^ F., but at higher temperatures it increases in slope 
rather drastically and so recrosses the y curve at about 2550® F. Seitz^ 



Fig. 4-2. Free-Energy vs. Temperature Relations for 

a-Fe and y-Fc. 


attributes the abnormal behavior of a-iron to a rather sudden increase 
in its specific heat which occurs in this temperature interval because 
here electronic as well as vibrational specific heat becomes significant. The 
electronic component of specific heat is in this case probably related to 
excitation of electrons within the partially filled transition levels of the 
iron atom. This excitation evidently depends not only upon the nature 
of the iron atom itself, but also upon its electrostatic environment, as 
determined by the crystal structure within which the atom exists. The 
behavior of iron is probably typical of transition elements in this respect. 

It may be worth noting here that in any metal a polymorphic 
transformation during heating is always accompanied by the absorp- 

6 F. .Seio:, Modern Theory of Solids, New York, McGraw-Hill Book Company, Inc., 1940. 
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tion of heat, and one during cooling by the evolution of heat. At the 
equilibrium transformation temperature, the free energies of the two 
polymorphic forms involved must be equal. In the absence of signifi¬ 
cant superheating or undercooling, therefore, the free-energy change 
accompanying transformation is zero. Since AH = TAS, and 

since AF = 0, the heat of transformation absorbed or evolved is the 
result of an entropy change and not (as some authors have stated) of a 
free-energy change."^ Further, entropy is a direct function of specific 
heat, and the sign of the entropy change indicates definitely that—as 
was implicit in the discussions above—the polymorphic form that is 
stable at the higher temperature has the greater mean specific heat 
below the transformation temperature. 

Bonding Forces and Polymorphism 

While it provides a convincing scientific basis for the existence of 
polymorphism, the thermodynamic approach outlined above is not 
particularly enlightening with regard to the changes in bonding forces 
which must always accompany polymorphic transformation. All the 
preceding discussions of crystal structures were based on a considera¬ 
tion of these bonding forces, and so it seems important to reconcile them 
with the energy changes described above. In at least one case—that of 
tin—this can be done with some degree of satisfaction. 

The covalent bond is very strong; but since it involves direct 
association of pairs of atoms with a specific pair of shared electrons, it is 
highly directional and quite rigid. It is the relative strength of the 
covalent bonding forces which explains the fact that at low temperatures 
the low-energy structure for tin is the a form—a tetrahedral cubic, 
valence-type crystal. Further, because the covalent bond is both strong 
and rigid, thermal agitation of atoms in a valence-type crystal is 
initiated less readily than in a structure less firmly bound, and so the 
specific heat ofa-tin is relatively low. Finally, because ofits directionality, 
the covalent bond is weakened quite rapidly by thermal agitation, 
as is evident from the fact that many chemical and intermetallic 
compounds formed by covalent bonding are found to decompose at 
unexpectedly low temperatures. Therefore, although the specific heat 
of a-tin is low and the intensity of thermal agitation within it increases 

’ However, if there is superheating or undercooling of the unstable phase, a free-energy 
difference is developed which does contribute to the heat of transformation. Even so, unless 
hysteresis is very pronounced, dfis usually quite small compared to T^S. 
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rather slowly as its temperature rises, still the bonding forces which 
determine its structure are significantly weakened by even a moderate 
temperature rise. 

Tin is unusual among the elements known to form valence-type 
crystals in that it is quite strongly electropositive and, like other 
electropositive elements, it is capable of contributing its valence 
electrons to an electron cloud and forming a metallic bond. At low 
temperatures, when both are possible, the metallic bond is less strong 
than the covalent bond, and so the metallic (jS) crystal structure in tin 
is unstable relative to the valence (a) structure. On the other hand, 
metallic bonding results from the relatively flexible attraction of atoms 
for a well-distributed electron cloud, and so is less highly directional 
and less rigid than covalent bonding. Atoms in a metallic crystal 
absorb energy readily as thermal vibration, and so the specific heat of 
^-tin is higher than that of a-tin. Further, the metallic bond is less 
seriously affected by this thermal agitation than is the relatively in¬ 
flexible covalent bond; and so, at about 56® F., a-Sn (the valence 
structure) becomes unstable relative to /8-Sn, a body-centered tetra¬ 
gonal crystal structure formed by metallic bonding. If heating is 
continued, the metallic bond becomes unstable in its turn and, at 
449® F., jS-Sn melts isothermally and is converted to a structureless 
liquid.8 

This general line of reasoning would apply not only to tin but also 
to any other material which, upon heating, undergoes a polymorphic 
transformation from a valence-type to a metallic crystal structure. It 
does not apply with equal force to the far more common type of trans¬ 
formation in which a metallic crystal structure is converted to some 
other structure that is also metallic. For this, a full explanation must 
wait upon further enlightenment with regard to the peculiarities of the 
metallic bond. Even here, however, the principles outlined above must 
apply. The structure formed by the strongest bonding mechanism 
possible for the metal must be the stable polymorphic form at and just 
above the absolute zero of temperature. But if transformation does occur 
below the melting point, at a higher temperature this modification must 

® Lead is the only element of Group IV in the periodic table which is not known to exist 
in a valcnce«type crystal structure. If the reasoning outlined above is correct, it appears 
that at a sufficiently low temperature lead, like tin, should transform to a tetrahedral cubic 
structure. If it occurs at all, however, the polymorphic transformation of lead must take plzcc 
at some temperature well below atmospheric, at which diffiision is very slow and hysteresis 
is pronounced. 
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become unstable relative to some other, less strongly bonded crystal 
structure which has greater specific heat. Within the Hmits of our present 
knowledge, this argument seems to imply that in metak the low- 
temperature form should be a close-packed structure, and higher- 
temperature forms less densely packed. While this is the case, at least 
for titanium and zirconium, it seems actually to be rather rare, indi¬ 
cating, of course, the need for further study of the principles involved in 
the polymorphic transformation of metals. 

^-5, Hysteresis and Activation Energies 

When a metal or alloy capable of polymorphic transformation is 
heated or cooled so very slowly that equilibrium is closely approached 
within it at all times, its transformation should occur reversibly, and at 
the same temperature whether it is being cooled or heated. A condition 
of true equilibrium is, however, so difficult to attain that it is probably 
not closely approached even in most laboratory determinations of 
transformation temperature. As a result, significant hysteresis is the 
rule for transformations which occur in the solid state. 

There are several reasons why departures from equilibrium are 
usually pronounced in the case of a polymorphic transformation; some 
of them will be discussed in later chapters. For the moment it is probably 
sufficient to note that a change in crystal structure involves a relatively 
high activation energy^ and (particularly if temperatures are low) this 
implies that transformation will occur rather slowly in the vicinity of 
the equilibrium transformation temperature. The reasoning behind 
this statement is so important with regard to solid-state reactions in 
general that it deserves some clarification here. 

The general situation of an unattached atom approaching a pre¬ 
existing crystal is illustrated schematically in Fig. 4-3, which represents 
the variation in the forces exerted by two atoms on each other as a 
function of the distance separating their centers.^ So long as the distance 
between them is relatively great, the electrostatic attraction of each 
atom for the other is small; however, it increases rather uniformly as 
the interatomic distance diminishes, according to some curve such as (a). 
The repulsion of nuclei for each other and of electrons for each other 

* In the interests of simplicity, this and the discussions which follow neglect the obvious 
fact that each atom has or acquires more than one close neighbor, and that the electrostatic 
field offeree involved is therefore three-dimensional and highly directional. The complexity 
of the actual force picture does not, however, invalidate the principle developed by the 
aimpUned view presented here. 
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opposes this attraction, and also increases with diminishing interatomic 
distance, according to some curve such as {b). But when atoms approach 
each other so closely that their filled electronic orbits begin to overlap, 
there occurs a sudden increase in the forces of repulsion that is best 
explained in terms of Pauli’s principle. Here curve (b) becomes very 
steep; mutual repulsion of the two atoms increases sharply with 
diminishing distance, and apparently increases without limit. 

The algebraic sum of attraction (here considered positive in sign) 
and repulsion (considered negative) yields curve (c), which indicates 

that at relatively great distances 
a free atom will be attracted to 
the vicinity of an existing crystal. 
As it approaches that crystal the 
net attraction at first increases, 
then diminishes to zero at the 
point where gross attraction 
(curve a) and gross repulsion 
(curve b) are exactly equal. 
Thereafter, a closer approach to 
its neighbor creates a net re¬ 
pulsion that tends to restore the 
atom to the equilibrium position 
represented by the dashed verti¬ 
cal line in Fig. 4-3. As a result, 
atoms in a crystal structure tend 
to maintain a definite spacing relative to each other, and to resist any 
displacement which either increases or diminishes that spacing. 

This aspect of crystal mechanics will be considered again in a later 
chapter, in relation to elastic deformation and resilience of metals. For 
the moment, however, the important point is that displacement of an 
atom from its equilibrium position in any existing crystal structure 
involves an increase in the potential energy of that atom, and so in the 
free energy of the crystal as a whole. This situation is represented 
schematically in Fig. 4-4, which indicates an increase in free energy 
whether displacement increases interatomic distance or diminishes it. 

If two different crystal structures are possible which have equal free 
energy, as must always be true at the equilibrium transformaUon 
temperature, then this condition exists in each of the two possible 
structures. The result is represented in Fig. 4-5 for a and ^ forms of the 



Fig. 4-3. Interatomic Attraction and 
Repulsion as a Function of Interatomic 
Distance (Schematic). 
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« ch^tance at the cquUibrium temperature for the a ^ trans- 
:»tinn From this diaCTam it is evident that transformation cannot 
o°c™r at all unless the atoms involved somehow acquire an increment 
of energy A, described as an energy of aclivation. For polymorphic trans¬ 
formations the energy barrier A is usually quite high_ 

At any given temperature the averagt energy of atoms in » 
crystal structure is fixed, in this case near the energy represented by the 
Jnima in the curves in Fig. 4-5. However, the atomic colhsions and 
rebounds which occur constantly even within a solid crystal cause the 



mteratomic 
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Fig. 4-4. Variation in Free Energy 
with Relative Spacing of Atonu in a 

Crystal. 



Fio. 4-5. Activation Energy, a4, for an 
a. —>■ g Transformation at the Equili¬ 
brium Transformation Temperature. 


energies of individual atoms to vary in a probability distribution around 
this average. There is, then, a definite probability that at any given 
instant a specific atom or group of atoms will have achieved the energy 
represented by the maximum of this curve, and so will be capable of 
transforming from a to ^ or from p to oi. The higher the average energy 
of the atoms involved (i.e., the higher the temperature of the metal) and 
the lower the energy barrier A, the greater is the probability that 
transformation will occur within any specified interval of time. However, 
atomic energies in the solid state are necessarily limited and the activa¬ 
tion energy (^4) is always appreciable, so that polymorphic transforma¬ 
tions are never instantaneous and arc usually quite slow. As a result, 
during continuous heating or cooling, superheating or undercooling is 
very likely to occur; and with the heating and cooling rates attainable 
in practice, it seems to be unavoidable. 
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When superheating or undercooling is appreciable, a free-energy 
difference is established between a and as is illustrated by Fig. 4>6 
for the case of superheating. In general this reduces the value of 
which of course facilitates the transformation. Moreover, during heating 
the increase in average energy per atom proportionately increases the 
probability of transformation within any given time interval, and so 
further increases the rate at which the transformation occurs. As a result, 
the extent to which superheating of a polymorphic transformation 
occurs is often appreciable, but it is not usually great. During cooling, 

on the other hand, the average 
energy per atom is diminished 
as the temperature falls, and 
this tends to reduce the trans¬ 
formation rate. Undercooling of 
a polymorphic transformation 
is frequently pronounced. For 
example, the a-»-jS and the 
j8 a transformations in tin 
occur under equilibrium con¬ 
ditions in the immediate vicinity 
of 56° F. When a-Sn is heated 

Fig. 4-6. Activation Ener^, A, and Free- normally, its transformation to 
Energy Change, JF, for an a ^ Trans¬ 
formation Occurring Above the Equili¬ 
brium Transformation Temperature. 

above this temperature. On the 
other hand, when j8-Sn is cooled, its transformation to a-Sn takes 
place very reluctantly, and does not occur rapidly even at —40 F. 
(representing almost a hundred degrees of undercooling). In this case, 
hysteresis is a real advantage to the users of the metal. If it were less 
pronounced, pure tin could not be used safely in atmospheric exposures 
even in temperate climates.*® 


^-Sn actually occurs quite 
rapidly and within a few degrees 
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It was implicit in the discussion in Section 4-3 that, in general, any 
substance is capable under some conceivable set of conditions of existing 
in a variety of different crystal structures. This is demonstrated for two 


10 Further, and fortunately, the presence of normal amounts of several 
or of mere traces of a number of common alloying elements serves to reta^the p 
transformation markedly. As a result, the incidence of tin pest is now quite limited. 




4-6. Transition Structures "■ 

altemauve structures whenever a polymorphic transformation occu^ 
“eh the appearance of a transition structure tt „ occ^mnal y 
demonstrated that a third modification, which « unstable relauve 

one or both ofthe other two, is also possible. 

Transition structures are crystal structures 
known to be stable when equilibrium is maintained. They are often 

nutastaiU; i.e., they may persist for relatively long 

actuaUy unstable relative to true polymorphic forms of the same 
substance, and so they must eventuaUy disappear as the 
equilibrium becomes possible for the system in which they ^t. In 
oUier words, a persUtent transition structure represents a condiUon ol 




Fic. 4-7. Reduction in Activation 
Energy Through Formation of a 
Transition Structure (0). 


Fio. 4-8. Formation of a Transition 
Structure After Undercooling of the 
CL Transformation. 


rest in the metal or alloy in which it appears. It docs not represent true 
equilibrium, but rather a distinct departure from equilibrium. 

Even at the equilibrium transformation temperature, a transition 
structure may appear if the activation energy for the normal poly¬ 
morphic transformation is high—although in this case the transition 
form is simply an intermediate product in the transformation, and is 
not often a persistent one. For example, in Fig. 4-7, it is evident that the 
a ^ transformation there considered involves a relatively high 
activation energy. Particularly if the a and forms differ widely in 
crystal structure, so that extensive atomic rearrangement accompanies 
transformation, the activation energy can often be reduced if a trans¬ 
forms first to some other structure more nearly like its own, and this 
intermediate form subsequently transforms to The intermediate 
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phase, designated 6 in Fig. 4-7, is unstable relative to both the a and 
the /S forms, and is separated from each by a relatively low energy 
barrier. Therefore B is unlikely to exist in large amounts at any given 
moment, or to 'persist for a long enough time to be significant with 
regard to the properties of the material in question. However, its 
temporary appearance will have greatly facilitated the a trans¬ 
formation. 

The persistent transition structures, which are often important with 
regard to the properties of the substance in which they appear, are most 
likely to form as a result of the undercooling of some polymorphic form 
to a temperature far below that at which it would transform if equi¬ 
librium were maintained. Such a situation, for a /3 ->■ a transformation, 
is represented in Fig. 4-8. If the energy barrier between /S and 6 is 
significantly lower than that between and a, the intermediate struc¬ 
ture appears preferentially. Particularly if the activation energy for the 
subsequent d —► a transformation is appreciably higher than for the 
^-*■6 transformation, 6 may accumulate in significant amounts and 
be quite persistent. This situation is far less likely to arise during super¬ 
heating than during undercooling, since the increase in the thermal 
agitation of atoms which accompanies heating soon provides the energy 
necessary to activate the conversion of a metastable transition structure 
to a stable polymorphic form. 


4-7. The Martensite Transformation 

Undoubtedly the most important transition structure that exists 
is martensite, a metastable crystal form that appears in steels as the joint 
result of drastic undercooling and of the limited diffusion rate of the 
carbon they contain. 

In pure iron cooled slowly, y-Fe (face-centered cubic) transforms to 
a-Fe (body-centered cubic) at about 1670® F. Additions of carbon to 
the iron, to produce steel, progressively reduce the equilibrium trans¬ 
formation temperature, although it is never lower than about 1330 F. 
in iron-carbon alloys of reasonable purity. The carbon additions have 
a second major effect; they tend to make the transformation 

sluggish. In part at least, this is because a-Fe is incapable of dissolving 
all of the carbon normally present in the preexisting y, so that poly¬ 
morphic transformation must wait upon the diffusion of the carbon 
out of the y and its precipitation elsewhere in the alloy as crystals of 

FeiC. 
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Pure y-Fe cannot be undercooled to much below 1670® F., even 
when the heated iron is quenched by plunging it into cold oil or water. 
With carbon contents up to about 0.15%, undercooling of the y-form 
is facilitated both by a progressive reduction in its transformation 
temperature and by the increasing sluggishness of its transition to a. 
Such low-carbon steels can be maintained as unstable y down to about 
1000® F. if cooling is rapid, but here transformation to a becomes so 
rapid that further undercooling is almost impossible. With higher per¬ 
centages of carbon, however—and particularly in the composition range 
above about 0.30®o carbon—it becomes possible to undercool y-steel 
still more drastically. 

At some temperature in the vicinity of 500® to 700® F. for pure iron- 
carbon alloys, martensite becomes stable relative to y-steel. The activa¬ 
tion energy for the y -► martensite transformation is evidently not 
extremely high, since, once it becomes possible at all, it occurs almost 
instantaneously. In part this is because martensite, a body-centered 
tetragonal structure, is capable of containing all the carbon previously 
dissolved in y-Fe, which a-Fe is not. 

It is easy to prove that martensite is a transition structure, because it 
transforms spontaneously to a-steel. It does so quite slowly, however, 
both because the martensite -► a transformation requires a high 
activation energy, and because it involves the diffusion of carbon out of 
the martensite and its precipitation as Fe 3 C. Therefore, at the highest 
temperature at which it will form at all, martensite can be retained 
essentially unaltered for a few minutes, at least. At lower temperatures 
it can be retained for hours, days, or weeks, and at atmospheric tem¬ 
peratures it may persist for years or even centuries. 

The presence of carbon atoms within it systematically distorts the 
body-centered tetragonal structure of martensite, and this makes it 
much harder and stronger than either the face-centered cubic y-steel 
in which it originates or the body-centered cubic a-steel to which it 
tends to transform. Therefore, drastic undercooling of y-steel and 
its consequent transformation to martensite are the physical basis of 
the hardening heat treatments commonly applied to machinery steels 
and tool steels. Unfortunately, martensite is typically quite brittle, 
and so a hardening heat treatment is usually followed by a tempering 
{or drawing) operation, in which the hardened steel is reheated to 
accelerate the partial or complete transformation of martensite to the 
stable condition of a-stcel plus FC 3 C. This does reduce the brittleness 
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of the steel, but it involves unavoidable sacrifices in its strength and 
hardness.** 

To anyone even remotely connected with modem industrial 
practices, the importance of transition structures is sufficiently demon¬ 
strated by the fact that it is the formation of a transition stmcture— 
martensite—that makes possible the hardening heat treatments 
commonly given to the medium- and high-carbon steels. It happens, 
however, that martensite-type reactions can also be made to occur in a 
number of other alloys, including certain alloys of copper and zinc 
and of copper and tin, and in at least one pure metal. They seem most 
likely to appear when, as in steel, polymorphic transformation during 
cooling is accompanied by a marked decrease in solubility for some 
alloying element, such as carbon. Pure titanium can also undergo a 
martensite-type reaction, with interesting results so far as its mechanical 
properties are concerned; and it is reasonable to believe that other 
polymorphic elements might do so if they could be cooled past and 
below their transformation temperatures at sufficient velocity. 

Transition structures also frequently appear during the early stages 
of precipitation of a new type of crystal from some previously existing 
alloy structure, as the result of simple solubility changes which do not 
involve polymorphism. This type of behavior is discussed in Chapter 3 
of Alloy Series in Physical Metallurgy, in connection with precipitation 
hardening. It will become evident there that both the principle and 
the mechanism of their appearance are closely akin to those outlined 
above for transition structures originating in polymorphic transforma¬ 
tions. 

• • The hardening and tempering of steels are discussed at length, from a somewhat 
different viewpoint, in Alley Serus in P/yskal Metallurgy. 



CHAPTER 5 


Crystal Imperfections 


In the discussion of metal crystals it has thus far been assumed that, 
except for thermal vibration of its component atoms, the internal 
structure of any crystal is perfectly regular and corresponds exactly to 
the crystal lattice in terms of which it is usually described. Actually, 
such perfection is closely approached only by relatively rare mineral 
crystals, grown in nature under conditions so ideal that they must be 
considered beyond experimental duplication. In any ordinary crystal 
of a pure metal or alloy, several different types of imperfections—i.e., 
departures from complete regularity in atomic arrangement—are 
always present. Some of these have a very important influence upon the 
properties of the metal as a whole and upon its reaction to external 
loads, elevated temperatures, corrosive environments, and other 
variables encountered in forming, treating, or using the metal. 


5-i> Elastic Distortion 

The first and most basic type of crystal imperfection to be considered 
is distortion of a crystal under the action of an applied force. Whether 
the force in question results from external loading, from contraction or 
expansion as a result of temperature change, from the volume change 
^sociated with polymorphic transformation, or from any other cause, 
its general effect upon the crystal is the same. 

Suppose, for example, that a metal spring is deformed (strained) 

under some external load which does not exceed its elastic limit. Since 

the spring as a whole is composed of a very large number of tiny metal 

crystals firmly bonded to each other, its total deformation must actually 

represent a summation of small deformations by the many individual 

crystals that compose it. Further, since a crystal is simply an orderly 

arrangement of atoms, deformation of each crystal must involve a 

displacement relative to each other of the atoms in its structure. 

Ultimately, then, deformauon of the spring occurs by distortion of a 
crystal structure. 
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Crystal Imperfections 

From Fig. 4-3 and the discussion in Section 4-5, it is evident that 
removal of any atom from its equilibrium position within a crystal 
creates a restoring force which tends to return it to that position. 
Deformation of the spring (strain) therefore creates within the metal a 
restoring force (stress) which tends to return each atom to its initial 
position, and so restore to the spring exactly its original shape and 
dimensions. As the spring is unloaded it is capable of doing work, and 
as it approaches its original condition it gives up mechanical energy 
exactly equivalent to that previously supplied to deform it. Funda¬ 
mentally, then, it is the balance of forces exemplified by Fig. 4-3 that 
explains the resilience of metals—their ability to store energy by deform¬ 
ing elastically—and the ability of a spring to do work in driving a watch 
movement, actuating a valve, or cushioning the shock of a rough road. 

The energy required to deform a metal elastically is stored in it as 
potential energy of atoms in a distorted crystal structure. In the case of 
a spring, this energy is usually released as mechanical energy, directly 
capable of doing work. However, when a watch spring, for example, is 
wound, confined so that it cannot unwind, and then dissolved in acid, 
it will be found that it dissolves more rapidly than an unstressed spring, 
and that it gives up more heat when it dissolves. Here the mechanical 
energy supplied to wind the spring has been stored within it as potential 
energy, has then appeared as chemical energy, and has finally been 
released as heat. Under other conditions it might have appeared as 
sound, as electricity, or as energy in any of a variety of other forms. 
The equivalence of these various forms of energy is evident. 

For the purposes of the present chapter, the essential conclusions of 
this discussion are that energy can be stored as distortion of a crystal 
structure, and that this energy can subsequently be released in any of a 
variety of ways. Whenever such a crystallographic distortion exists, 
and no matter how the distortion was created, it represents an incre¬ 
ment of energy of which the metal will somehow free itself when the 
opportunity to do so appears. 

5-2. Free Metal Surfaces 

At its surface a metal crystal may abut upon another similar crystal, 
a dissimilar one, a liquid or an amorphous solid, a gas, or a vacuum. 
The conditions of atoms at the metal surface vary significantly according 
to the external environment to which the surface is presented, and so, at 
various points in the discussions which follow, each of these possibilities 
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5-3. Surface Erurgy 

must be explored in turn. As the starting point in the discussion, we con¬ 
sider first the simplest situation of all, that which exists at a free metal 
surface, i.e., a surface in contact with a vacuum or with its equivalent, 
a liquid or gas that is completely inert with respect to the metal in question. 

In the interior of a crystal, each atom is held in position by the 
bonding forces of symmetrically disposed neighboring atoms which 
surround it completely. At a free surface of the crystal each atom is 
surrounded by other metallic atoms within and below its own plane, 
but in the region above that plane such atoms are absent. As a result, 
the forces holding a surface atom in position are unsymmetrical, and 
so the atom is not free to assume a low-energy equilibrium position 
which would exactly continue the symmetry existing in the body of 
the same cr>'stal. Accordingly, the crystal structure at and just below a 
free surface is distorted. Local distortion thus created represents stored 
energy, just as it would if similar distortion had been created by external 
loading; and energy in this form appears at all free surfaces of the 
crystal. It is appropriately identified as surface energy. The increment of 
surface energy possessed by a crystal (energy it would not have if a 
free surface did not exist) can actually be measured by determining 
the amount of energy required to form a unit area of new surface by 
fracturing or cutting a crystal. 

Further, because of the deficiency of metallic atoms above the 
plane of the surface, the capacity of surface atoms to form bonds with 
other atoms is not completely utilized. Surface atoms therefore retain a 
residual affinity for any external atoms, not already part of the crystal, 
which may appear in their vicinity. 

These two features of a free metal surface—the surface energy it 
represents, and its residual affinity for foreign atoms—are so important 
in explaining the behavior of metal crystals that they are discussed in 
some detail in the sections which immediately follow. 

5-3. Surface Energy 

Surface energy has a number of consequences which arc important 
to the metallurgist. In the field of mineral dressing, for example, 
Rittinger’s law states that the energy required to reduce the size of a 
mineral particle by crushing is proportional to the area of new surface 
produced. If the work of crushing stores equal surface energy in each 
unit area of new surface produced, Rittinger’s law is exact. Usually it 
is not exact, because most natural minerals are anisotropic, and many 
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are strongly so. Galena, calcite, and the micas, for instance, have crystal 
structures in which certain families of planes are much more densely 
packed with atoms than are any others. When such a plane is exposed 
at a free surface, the surface energy per unit area is relatively low. 
Presumably this is because the bonding forces of an atom within a 
densely packed plane are utilized so fully by neighbors in its own plane 
that the absence of similar atoms above that plane produces only a little 
local distortion. These densely packed planes are therefore planes of 
relatively easy cleavage through the mineral crystal. The energy 
actually required for crushing will vary depending upon whether or not 
the path of fracture follows these natural cleavages. If crushing is per¬ 
formed in such a way or to such a particle size that the fracture tends 
to do so, the work of crushing is less than if the fracture follows random 
planes whose average surface energy is high. Rittinger’s law, then, 
applies exactly only when a truly isotropic material is crushed, or in the 
unlikely case of crushing that produces only cleavage surfaces. Depar¬ 
tures from it must be expected whenever anisotropic crystals are 
crushed; the departure is usually most extreme for layered crystal 
structures (e.g., the micas) and for minerals with relatively simple 
crystal structure (e.g., galena), because these always contain at least a 
few planes of exceptionally dense atomic packing. 

Whenever liquids are encountered, whether they are metallic or not, 
surface tension is important, and this too is a result of surface energy. 
In accordance with the second law of thermodynamics, any system 
tends to approach the condition in which its free energy is at a minimum. 
Surface energy is one form of free energy, and total surface energy is the 
product of surface energy per unit area multiplied by total surface area. 
Liquids are isotropic; and so, for any given liquid at a specific tempera¬ 
ture and pressure, the surface energy per unit area is the same on any 
free surface which might be exposed. Therefore, a liquid tends spon¬ 
taneously to reduce its surface energy by reducing its total surface area. 
Liquid drops tend to assume spherical shapes in which the ratio of 
surface to volume is at a minimum, and small drops tend to coalesce 
into larger ones, with further reduction in free surface area for the 
liquid mass as a whole. 

These same tendencies exist in solids, usually modified, however, 
by anisotropy of any crystalline substance, and by the much more 
limited mobility of atoms in the solid state. Further, in a solid the 
surfaces involved are chiefly grain boundaries instead of free surfaces. 
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5-4. Freezing of a Pure Metal 

5-4, Freezing of a Pure Metal 

The appearance within a liquid metal of temporary groupings of 
atoms—potential nuclei for the formation of solid crystals—was de¬ 
scribed in Section 3-1. Upon cooling of the metal to its freezing point, 
these accidentally formed nuclei become stable against the destructive 
effects of thermal agitation. Thereafter, as the result of residual affinity 
at their surfaces, the nuclei attract adjacent atoms from the liquid, 
incorporate them into their own structures, and grow into crystals of 
appreciable size. 

Since the original appearance of any given nucleus is the result of a 
chance arrangement of atoms within the molten metal, both the 
distribution and the orientation of nuclei formed in a uniformly cooled 
melt are determined entirely by probability, and so are completely 
random. (However, this is true only in a uniformly cooled melt. 
Frequently it is not true when a high temperature gradient is maintained 
in the metal as it freezes. This other condition and its results are con¬ 
sidered in a later chapter, in which it will be shown that the principles 
here developed may logically be extended to fit the case of nonuniform 
cooling.) 

Once stable nuclei have appeared in the melt, the continued 
abstraction of heat from it results in the growth of these nuclei into 
crystals of observable size. Some additional nuclei appear as this occurs, 
but a nucleus necessarily has greater surface area per unit volume than 
a larger crystal has, and so has higher surface energy per atom present 
within it. Hence a nucleus is unstable relative to any larger crystal in its 
immediate vicinity. In consequence, once freezing is well begun, it 
continues largely by the accretion of atoms to crystals already present; 
and the further nucleation and growth of new crystals become relatively 
unimportant. 

As is illustrated in Fig. 5-1, freezing of a uniformly cooled molten 
metal occurs in several steps, the first of which is formation of'stable 
nuclei. In the second stage of freezing, each crystal develops freely into a 
liquid. In general it grows most rapidly in the directions that are most 
densely packed with atoms, since these offer positions of exceptionally 
low energy to unattached atoms from the melt. The usual result is the 
development of a skeleton crystal built up of branching arms, each of 
which represents a specific crystallographic direction along which 
growth is rapid. As long as each crystal remains completely isolated 
from other crystals, its geometry remains almost perfect, and, to the 
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to 



Fig. 5-1. Freezing of a Uniformly Cooled Pure Metal. 
{a) Nuclei form; {b) nuclei grow into crystals; some addi¬ 
tional nucleation; [c) further crystal growth; mutual obstruc¬ 
tion begins; {d) solidification completed as irregular grains. 



Fig. 5-2. Iron Dendrites from the 
Shrinkage Cavity of a Large Ingot. 

Actual Size. 


extent that they are developed 
at all, its crystal faces are idio- 
morphic (and usually have low 
indices). This can be demon¬ 
strated by straining out the grow¬ 
ing crystals from a melt held 
exactly at its freezing tempera¬ 
ture, as was done in the case 
of the bismuth crystals shown in 

Fig. 5-3. 

Eventually, in their growth, 
individual crystals approach each 
other closely and compete for 
the last unattached atoms which 
constitute the thin layer of molten 
metal remaining between them. 
In this competition they interfere 
mutually with regard to the fur¬ 
ther development of idiomorphic 
crystal faces. The last stage of 
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growth, occurring by the chance accretion of liquid atoms to ^he 

other of these crystals, is correspondingly erratic. Finally, when solidifica¬ 
tion is complete, little evidence of plane faces remains. Typically the solid 
metal consists of crystals which are rough, very irregular polyhedra. In 
their external form such crystals reflect little of their remarkable internal 
symmetry, and so they are often called grains or crystallites instead of 
crystals. Occasionally these grains are equiaxed—ix., substantially equal 


^ ^ 




Fio. 5-3. Skeleton Crystals of Bis¬ 
muth. About li X. 


Fic. 5-4. Branching Structure With¬ 
in Nickel Dendrites. 25 x. (Etched 

«n ^rkliilinn \ 


in their three dimensions; more commonly they are dendritic —i.e., elon¬ 
gated in a specific crystallographic direction along which growth was 
outstandingly rapid. Sometimes they show well-developed branching 
structures, residual from the skeleton stage of their growth and made 
visible by rejection of impurities into the last traces of melt to freeze 
between the arms of the skeleton. Usually these crystals are so small 
that they are barely visible as individuals to the unaided human eye. 
Their size in any given case depends directly upon the number of 
nuclei formed during freezing per unit volume of melt, which is a 
function of several variables—but principally of cooling rate. Under 
various conditions of freezing the crystals may be so fine that they are 
unresolvable by an optical microscope, or they may range upward in 
size to rare crystals the size of a man’s hand. 


5-5. Grain Boondaries 

From the mechanism of freezing outlined above, it is evident 
why solid metals normally exist not as single crystals but rather as 
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polycrystalline aggregates, assemblages of very large numbers of relatively 
small crystals. Within a pure metal each grain has the same composi¬ 
tion and crystal structure as all of its neighbors, but it differs from them 
in size, shape, and orientation. Orientation differences result in the 
appearance of definite grain boundaries at the interfaces between adjacent 
crystals, with effects so significant in determining the properties of the 
metal as to make it often seem that the grain boundaries are more 
important than the grains themselves. 

To return to the mechanism of freezing, suppose that two differently 
oriented but otherwise identical crystals have grown near each other 
in the melt until, at some point between them, there remains only one 
atom of metal which is still in the liquid state. As abstraction of heat 




Fic. 5-5. (a) Mutual Obstruction in the Last Stage of 
Freezing; (A) the Distorted Grain-Boundary Structures That 

Result. 


from this region continues, the last liquid atom must also give up its 
latent heat of fusion and solidify. If it should do so by assuming position 
a in Fig. 5-5<2, extending the structure of crystal A, it would not be in the 
equilibrium position required of it by the adjacent atoms of crystal B. 
If, on the other hand, it should fall into position b, at equilibrium with 
the atoms of crystal B, it would be displaced relative to the atoms of 
crystal A. As the result of the interaction of these two independent sets 
of bonding forces, the last atom to freeze in this region will actually come 
to rest at some intermediate point such as c, representing a compromise 
between two possible equilibrium positions. It is not in its lowest- 
energy position with regard to either crystal, and so the atom at c has 
potential energy higher than have atoms in a perfectly regular crystal 
structure. This increment of free energy is completely analogous both 
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to surface energy at a free surface and to mechanical energy stored as 

elastic distortion of a crystal structure. 

The condition described above exists wherever two or more adjacent 
but differently oriented crystals abut upon each other. It is not, how¬ 
ever, confined to a layer only one atom deep at the interface between 
these crystals. Since the position of any given atom is determined by 
the attractive forces of a// the atoms that surround it, displacement of an 
atom at the interface results in corresponding, although smaller, dis¬ 
placements of the atoms in the layers on each side of the interface. This 
in turn causes still smaller displacements of the atoms in the next deeper 
layer within each crystal, and so on until—at a depth of perhaps five to 
twenty interatomic distances from the interface the displacement of 
atoms from this effect becomes insignificantly small. The result is 

illustrated schematically in Fig. 5-5i. 

Grain boundaries, then, are actually distorted layers of atoms 
between normal grains. Within these layers there occurs a transition 
from the orientation of one crystal to that of the other, such that the 
extent of displacement of individual atoms increases from almost 
nothing at the edge of one crystal, to a maximum near the center of the 
distorted layer, and then diminishes again to almost nothing at the edge 
of the other crystal. Both the width of the grain-boundary layer and 
the degree of distortion within it vary widely according to the relative 
orientations of the crystals between which it exists. If crystal orienta¬ 
tions differ only slightly, transition from one structure to the other occurs 
within just a few interatomic distances, and with a minimum of crystal¬ 
lographic disturbance. But if they differ drastically, the grain-boundary 
layer is broad and distortion within it is severe. 

Because it does not exist in the minimum-energy position it v/ould 
occupy in an undistorted crystal, each grain-boundary atom has an 
increment of energy above that typical of atoms within the grains 
themselves. Grain boundaries arc therefore regions of abnormally 
high free energy, and this has a number of important results. For 
example, during exposure of even the purest of metals to a corrosive 
environment, chemical attack is more rapid at the grain boundaries 
than elsewhere. In service, this contributes to intergranular corrosion, 
which is often a serious industrial problem. In the laboratory, the 
metallographer takes advantage of this same behavior to outline and 
make visible for microscopic examination the individual grains within 
a metal specimen. By exposing a polished section of the metal to 
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reaction with an appropriate etching solution, he causes grain bound¬ 
aries to be attacked and roughened, and so made to differ in reflectivity 
from the bodies of the adjacent grains which have been attacked less 
extensively and remain relatively smooth. 

The higher average energy of grain-boundary metal can be demon¬ 
strated in a number of other ways. Chalmersi found that, in tin of very 
high purity, melting occurred in the grain boundaries at a temperature 
0.25® F. below the melting point of the grains themselves; here the 
extra potential energy of grain-boundary atoms has appreciably 
diminished the amount of thermal energy required to reduce the metal 
to a structureless liquid. It is probably true that melting always begins 
at the grain boundaries, and so also do nearly ail polymorphic trans¬ 
formations, precipitations of new types of crystals as a result of solu¬ 
bility changes, and other solid-state reactions. Self-diffusion (which is 
simply the reshuffling of atoms already present) and diffusion of foreign 
atoms through the metal are usually most rapid at the grain boundaries, 
and a large proportion of the electrical resistivity offered by a metal is 
explained by the disordered crystal structure that exists at its grain 
boundaries. What is perhaps their most important effect—the influence 
of grain boundaries upon the strength and plasticity properties of the 
metal as a whole—must await discussion of the mechanism of slip 
in a later chapter. It is already evident, however, that the existence of a 
distorted layer of high-energy atoms at its grain boundaries is a sig¬ 
nificant factor in determining the chemical, physical, and mechanical 
behavior of any metal. 

5-6. Residual Affinity; Heterogeneous Alloys 

Any crystal of finite size has exposed at its surfaces a large number of 
atoms which are not completely surrounded by similar neighbors. The 
bonding capacities of these surface atoms are not fully utilized by 
adjacent atoms within the crystal of which they are a part, and so they 
retain a residual affinity for foreign atoms which may impinge upon 
the crystal surface. With these foreign atoms the surface atoms may 
form a chemical or metallic bond, and the bonding forces involved are 
often very strong. 

Within a pure metal or a homogeneous alloy —in which every crystal 
present is identical in composition and crystal structure—the residual 

> (Quoted by F. Seitz, The Physics of Metals, New York, McGraw-Hill Book Company, 
Inc., 1943. 
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affinity of the surface atoms in each crystal is rather completely satisfied 
by the sharing of grain-boundary atoms with adjacent crystals. At a free 
surface, on the other hand, atoms of their own kind are not available to 
satisfy the residual affinities of the surface atoms, and so they tend to 
form bonds with any foreign atoms which exist in their environment. 
This is important with regard to the adsorption of gases, liquids, and 
finely divided solids at free metal surfaces, the mechanisms of oxidation, 
carburization, and other surface reactions, the diffusion of hydrogen and 
other elements into the solid metal, and the catalysis of gaseous and 
liquid reactions. It explains the remarkable adhesion of well-finished 
gage blocks that have been wrung together,^ and it is probably very 
important in explaining the adhesion of solders to metal surfaces with 
which they do not actually alloy, the seizure and galling of metal 
bearing surfaces, the basic mechanism of metal removal in metal-to- 
metal wear, and many other effects. 

To the metallurgist, however, residual affinity is probably most 
significant in explaining the remarkably high strengths attainable in 
many heterogeneous alloys, those which consist of mixtures of dissimilar 
crystals. An ordinary steel, for example, is principally a mixture of 
crystals of Fe 3 C and of a-Fe. If strong bonding forces did not exist 
between adjacent crystals in spite of their differences, a steel might be 
expected to crumble under relatively low load. Actually, tensile 
strengths of 100,000 psi or more are very common in steels; in general, 
the greater the proportion of FC 3 C embedded in the a-Fe matrix the 
stronger is the steel. 

5-7. Grain Growth 

In accordance with the second law of thermodynamics, any crystal¬ 
line solid tends to reduce its free energy by approaching a condition 
of minimum grain-boundary energy. The major means by which a 
polycrystallinc metal can do this is grain growth, in which one crystal 
grows at the expense of another until the substance of the latter has been 
completely absorbed. In a pure metal or a homogeneous alloy, the 
mechanism of grain growth is commonly described as grain^boundary 
migration. Here a slow encroachment of one crystal into the region 
initially occupied by its neighbor causes the grain boundary between 


2 Truly flat steel surfaces, twisted together when perfectly clean, adhere so tightly that 
they cannot be pulled apart without actually tearing out mcul particles from each of the 
wrung surfaces. However, they can be slid apart almost as easily as they were wrung together. 
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them to shift toward the center of the latter crystal. Ultimately, the 
second crystal is completely absorbed, the grain boundary disappears, 
and the increment of free energy represented by the boundary is 
dissipated as heat. 

As a crystal grows, the energy per atom within it continuously 
diminishes, both because of the energy shift which accompanies the 

addition of atoms to its structure 
and because the ratio of surface 
to mass decreases with increasing 
crystal size. A large crystal, then, 
offers to any free atom a position 
of lower energy than does a small 
crystal, and the small crystal is 
actually unstable relative to any 
larger neighbor. 

The transfer of atoms involved 
in the growth of any given crystal 
at the expense of a smaller neigh¬ 
bor is indirect. As long as both 
crystals exist at all, a distorted 
grain-boundary layer must separ¬ 
ate them. Within this layer, however, thermal agitation produces a 
continuous reshuffling of atoms, in which pure chance occasionally 
brings a grain-boundary atom into an equilibrium position relative to the 
larger crystal. Occasionally also it projects an atom from the surface of 
the smaller crystal into a higher-energy position typical of the grain- 
boundary region. When, by chance, an atom at one edge of the boundary 
layer falls into a position that; extends the structure of the larger crystal, 
and simultaneously an atom at the opposite edge of the same boundary 
is displaced from the smaller crystal into the disturbed layer, a decrease 
in free energy occurs and the resulting arrangement is stable. The gram 
boundary is maintained at its original width, but has been displaced 
locally by one interatomic distance toward the center of the smaller 
crystal. Repeated a sufficient number of times, this chance occurrence 
produces a slow migration of the grain boundary across the body of the 
smaller crystal, until at last the atoms which originally composed it 
have all been incorporated into the larger crystal. 

The ultimate tendency of grain growth is to eliminate grain 
boundaries completely, and thus to reduce a polycrystalline metal to 



Fig. 5-6. Successive Stages of Grain 
Growth by Grain-Boundary Migration. A 
relatively small grain, represented by 
outline 1, is progressively absorbed by 
three larger neighbors, and finally dis¬ 
appears. 
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5-8. Spheroidization 

the minimum-energy condition of a single crystal. At atmospheric 
temperatures, however, the thermal vibration of atoms is so limited 
that grain growth is unobservably slow. Its rate is markedly accelerated 
by even a moderate temperature rise. The dependence of grain growth 
on time and temperature will be discussed in a later chapter. 

It is probably worth noting here that the relative stability of two 
adjacent crystals is a function not only of their comparative sizes, but 
also of the nature of the crystallographic planes presented by each to the 
boundary layer between them. If the plane exposed is densely populated 
with atoms, it will offer lower-energy positions to grain-boundary 
atoms than would some other crystallographic plane which is less 
densely packed. Conceivably, orientation differences between adjacent 
crystals might in this way more than compensate for small size dif¬ 
ferences, and so result in the continued development of an idiomorphic 
face on one crystal even at the expense of a larger neighboring crystal. 
There is some reason to believe that this may be rather important with 
regard to grain growth in face-centered cubic metals and alloys such as 
copper, nickel, a-brass, and y-steel. More commonly, however, grain 
boundaries in metals are so irregular that a great many different planes 
are exposed at the surface of each crystal; a statistical similarity then 
obscures the effect of orientation differences, and relative size is the 
major factor in determining which of the crystals survives the process 
of grain growth. 

5-6. Spheroidization 

Given the opportunity to do so, isotropic substances such as liquids 
and the glasses tend to reduce their surface energy by reducing their 
total surface area, and thus tend spontaneously to assume spherical 
shapes. Certain crystalline substances such as Fe 3 C and many natural 
minerals have crystal structures which are so complex that they are 
almost isotropic, and these share the tendency to spheroidize. Most of the 
common metals and alloys, however, have crystal structures which are 
relatively simple and quite strongly anisotropic. Such crystals in general 
achieve minimum surface energy by developing idiomorphic faces, in 
which the surface energy per unit area is so low as to more than com¬ 
pensate for the fact that a polyhedron has a greater surface area than a 
sphere of equal mass. Therefore most metals and alloys do not sphe¬ 
roidize until they are melted. 

Steels, for example, consist ordinarily of very small platelets of 
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Fe 3 C embedded in or surrounded by larger crystals of a iron (ferrite). 
At atmospheric temperatures this microstructure persists indefinitely. But 
as the temperature of a steel is raised, thermal agitation increases the 
rate at which atomic rearrangement can occur to minimize free energy 
within its heterogeneous structure. A few hours of annealing at a 
temperature of about 1300° F. (just below that at which the a-iron 
transforms polymorphically) will therefore result in: 

1 . Spheroidization of carbide particles. 

2. Growth of FejC spheroids, by a process involving the solution of 
carbon from the smaller ones, its diffusion through the a-Fe matrix, and 
its reprecipitation as Fe 3 C to further enlarge the larger particles, 

3. Growth of a-Fe crystals by the process of grain-boundary 
migration. 



Fig. 5-7. A 1.2% Carbon Steel. 500x. (a) Normal condition; (b) spheroidized. 
(Both specimens etched 10 minutes in boiling sodium picrate. Fe^C appears dark.) 


Spheroidizing of high-carbon tool steels, which contain much FC 3 C, 
is a heat treatment commonly used to improve their machinability.^ It 
should be noted that in the steel only the FcjC can be spheroidized. 
a-Fe cannot, and neither—in the heat treatment of other metals and 

3 FcyC crystals are so hard that they cannot be penetrated by any cutting tool short of a 
diamond, and they cause rapid abrasive wear of any cutting edge that encounters them. As 
small spheroids, however, the carbide particles lift rather easily from the soft matrix of the 
a-Fe, and seem to do so a little ahead of the actual cutting edge. Consequently, spheroidizing 
a high-carbon steel greatly increases the rate at which it can be machined, reduces the power 
required for doing so, and prolongs the life of the cutting tools. It is possible to overspheroiditf 
a steel, i.e., to prolong the annealing time to the point where the carbide spheroids become 
excessively coarse. When this has occurred, the cutting edge must penetrate or fracture the 
spheroids instead of by-passing them, and machinability again drops off. 
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alloys—can most other metallic crystals. In at least one laboratory, a 
great deal of time and money was once wasted in a vain attempt to 
spheroidizc Muntz Metal, which is an alloy of copper and zinc containing 
a-brass crystals (face-centered cubic) in a matrix of ^-brass (body- 
centered cubic). Crystals so strongly anisotropic as these seem to have 
no tendency whatever to spheroidize. Rather, they tend to develop 
regular crystal faces on which 
only certain planes of relatively 
low energy are exposed. 

The external form of a crystal 
at equilibrium with its environ¬ 
ment is, then, controlled princi¬ 
pally by its own crystallographic 
nature, since this determines 
relative energies of the various 
planes composing it when these 
are exposed at a crystal surface. 

Energy relations among these 
planes are not, however, com¬ 
pletely independent of the en¬ 
vironment in which the crystal 
exists, presumably because re¬ 
sidual affinity at the crystal surface normally results in interaction of 
surface atoms with whatever foreign atoms may be available to it. The 
action itself may be adsorption, chemical reaction, or cohesion; but if 
interaction occurs at all, it necessarily alters the energy condition of 
the metal surface. Further, the degree of alteration varies both with the 
nature of the crystal’s environment and with the type of crystallographic 
planes which are exposed at its surface. This is evident from the fact that 
the presence, at a free metal surface, of different types or even different 
concentrations of foreign atoms or molecules may alter its energy 
condition enough to change the equilibrium shape which the crystal 
tends spontaneously to assume. For example, the crystals of metallic 
copper occasionally found in nature are sometimes octahedrons, some¬ 
times cubes, and sometimes tetrahexahedrons or other less regular 
polyhedra. Each of these shapes must be considered an idiomorphic 
form of copper, and the very occurrence of a given form indicates that 
in one specific environment the planes which compose its faces were 
those that had minimum surface energy. • 



Fig. 5*8. Muntz Metal—a-brass (Gray) 
in a Matrix of ^-brass. 500 x. (Etch^ 
30 seconds in NH^OH-HjOj.) 
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More important to the metallographer, this line of reasoning 
explains why the various etching solutions commonly used to prepare a 
metal surface for microexamination sometimes differ so widely in the 
appearance they give to that surface. Any etchant that corrodes the 
metal at all ordinarily attacks grain boundaries most rapidly, because 
these are regions of abnormally high energy. Within the grains them¬ 
selves, the rate of attack is most rapid along planes of highest energy; 
a grain so oriented that only the high-energy planes are exposed at its 
surface may be attacked and darkened rapidly, whereas a neighboring 



Fic. 5-9. a-Brass at lOOx. (a) Etched 20 seconds in NH 4 OH-H 2 O 2 ; (A) etched 

7 second in K 2 Cr 207 -NaCl-H 2 S 04 . 


grain, differently oriented, may resist chemical attack almbst com¬ 
pletely. Different etchants often select different families of exposed 
planes for their most rapid reaction, and so preferentially darken 
different grains, or they may react to produce geometrical etch pits which, 
with one etchant, may be square in section, with some other etchant 
triangular, etc. The variety of results that can be obtained by using 
different etchants successively on the same or on similar metal surfaces 
is often quite remarkable. Frequently selectivity of this type has real 
usefulness to the metallographer in his efforts to emphasize different 
structural features in the metal according to the object of the investiga¬ 
tion which he happens to have in progress. 

5-9. Amorphous Metal; the Beilby Layer 

Carbon in the form of graphite, some varieties of mica, and a 
number of other organic and inorganic substances are difficult to 
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classify with regard to crystal structure because they exist in what is 
sometimes called a semicrystaliine slate, in which their component 
atoms or molecules show an ordered periodic arrangement in one or 
two dimensions, but lack it in others. Still more confusing are certain 
long-chain organic compounds which may show varying degrees of 
regularity in molecular arrangement between the extremes of complete 
disorder and almost perfect crystallinity. A somew’hat similar difficulty 
in classification appears when grain boundaries and metal surfaces are 
considered, and there has been a great deal of uncertainty as to whether 
the distorted layers should properly be described as amorphous, as 
crystalline, or as something intermediate between the two. This con¬ 
fusion can be resolved by considering again the definitions of crystalline 
and aiiiorphous solids, and deciding somewhat arbitrarily how extreme 
must be the departure from perfect crystallinity before the amorphous 
condition is attained. 

By definition, the essential characteristic of a true crystal is that a 
definite geometric arrangement of its component atoms is repeated 
periodically in three dimensions throughout its structure. The term 
“amorphous” is now usually reserved to indicate complete absence of 
regularity in atomic arrangement, as occurs, for example, in glasses and 
other viscous liquids. It is evident that, if these criteria are accepted, 
graphite and the other substances mentioned above actually are inter¬ 
mediate between the crystalline and the amorphous states, so that the 
term “semicrystalline” is appropriate for them. It does not seem equally 
appropriate for solid metals in any known condition, since in metals 
either repetition of a unit cell occurs in three dimensions or it does not 
occur at all. In other words, apparently a metal is either crystalline or 
amorphous; it seems never to exist in any intermediate state. 

Because the grain-boundary layer in a metal is only about five to 
twenty atoms thick, its direct examination is very difficult. In the past 
many authors have assumed that grain-boundary metal was actually 
amorphous, and have used this assumption to rationalize several of the 
more unusual aspects of metal behavior.-* However, the evidence seems 

< The concept that individual grains in a polycrystalline metal are "cemented” together 
by an amorphous boundary layer is the basis of the amorphous-cement theory which was widely 
accept^ for many years. It was found that analogy with the glasses and other well-known 
amorphous materials made it possible to rationalize a number of peculiarities observed in 
gram-lwundary behavior, especially at elevated temperatures, which previously could not 
^ explained. However, other and generally more satisfactory explanations of these effects 
nave since appeared, and the amorphous-cement theory is now of historical interest only. 
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now to be positive that grain-boundary atoms are not in a state of 
complete disorder, but exist rather in an arrangement which is system¬ 
atically distorted in three dimensions. Perfect periodicity does not, of 
course, occur, because each plane of atoms is "warped” in its transition 
from the orientation of one crystal to that of the next. But if only a 
perfectly regular arrangement of atoms were accepted as representing 
a crystal structure, then a crystal would be as much an abstraction as, 
for example, a space lattice is. All actual crystals are imperfect in some 
respects, and thermal agitation or stress would promptly create imper¬ 
fections if they did not originally exist. Accordingly, most modern 
authorities accept some degree of imperfection as a normal feature of 
crystals, and agree that grain boundaries represent a seriously distorted 
crystal structure but that they are not truly amorphous. This viewpoint 
will be accepted in all future discussions here undertaken. 

Similarly, the distorted layer which exists at a free metal surface is 
considered crystalline in spite of serious imperfections in its structure, 
and remains so unless at some time in its history it is subjected to 
shearing forces sufficiently intense to cause an actual flow of the metal. 
Once this has occurred, however, there may appear at the surface a 
thin layer of metal which actually is amorphous and is identified as the 
Beilby layer. 

The Beilby layer does not exist at grain boundaries or internal 
surfaces of the metal, but only at free surfaces which have been polished, 
buffed, or subjected to intense sliding friction in forming or machining 
or in service. Depending upon the intensity of the mechanical action 
which created it, the amorphous layer may vary in thickness from 
almost nothing to as much as 30 to 40 angstrom units.5 ( 1 A = 10"8 cm.) 
Beneath it there always exists a disturbed layer, ranging from perhaps 
50 A to as much as 10,000 A thick, in which grain size has been altered 
or existing grains severely distorted, but which is still definitely crystal¬ 
line. This layer, in turn, gives way at greater depth to the unaltered 
structure which existed before the surface was disturbed. 

When a metal surface is subjected to sufficiently intense shearing 
forces, plastic flow of the metal occurs in the very thin surface layer 
that has been raised to a relatively high temperature by frictional heat. 
There is convincing evidence that metal flow can occur in this layer ^ 
only if it has actually been melted. However, frictional heat intense 
enough to cause melting can be developed only at or very near a free 

3 C. S. Barrett, StTucture of Metals, New York, McGraw-Hill Book Company, Inc., 1943. 
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surface, and the layer actuaUy melted by it is correspondingly thin. 
Conduction of heat away from the surface into the unheated body of 
metal immediately beneath it is extremely rapid. As a result, freezing 
of the melted film is so nearly instantaneous that crystals of detectable 
size have no time to grow within it. If there is any regularity in the 
atomic arrangement that results, it appears only as randomly oriented 
structures none of which is larger than a single unit cell. Obviously, 
regularity on this scale of dimensions cannot involve three-dimensional 
repetition of a unit cell, and so, by definition, it does not represent a 
crystal structure. The only conclusion possible is that the Beilby layer 
itself is truly amorphous. Disturbed metal beneath the Beilby layer is 
not amorphous; this layer may be fine grained and severely distorted, 
but here repetition of unit cells docs occur, and in crystals of observable 
size. 

At least a very thin Beilby layer is probably present on all metal 
surfaces which have been machined, ground, polished, buffed, or 
subjected to severe abrasion or friction in service. The abnormally high 
energy of this layer is reflected in increased chemical activity, and this 
undoubtedly is important in explaining why loss of section (usually 
attributed to frictional wear) is sometimes very rapid in service which 
involves exposure to environments that, to the metal in its normal 
condition, are not particularly corrosive. To the average metallog¬ 
rapher, however, the Beilby layer is important chiefly because he 
must avoid confusion or error from its presence on specimens he has 
prepared for microscopic examination. The mechanical grinding and 
polishing methods commonly used on metallographic specimens 
ordinarily leave a Beilby layer of the order of 30 A thick,^ beneath 
which is a disturbed layer that may be several hundred angstrom units 
in thickness. Unless these layers are completely removed by proper 
etching in advance of microscopic examination, the metallographer 
will view only the results of his own efforts, and the structure of the 
original specimen will be completely obscured. To eliminate the mis¬ 
leading surface layers frequently requires several repetitions of a cycle 
of rather deep etching, light repolishing to eliminate the roughness 
developed by etching, and rcetching less deeply. Alternatively, chemical 
or electrolytic polishing may be used to avoid entirely the mechanical 
action that produces a Beilby layer. Such techniques are particularly 

« Sir H. C. Carpenter and J. M. RoberUon, MtUds, New York. Oxford University Press, 
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helpful when very soft metals, such as pure copper, aluminum, or tin, 
are to be prepared, since here a relatively deep Beilby layer is usually 
formed during even very light mechanical polishing. 



Fig. 5-10. (a) Disturbed Layer Created by Mechanically Polishing a Specimen 
of Pure Zinc. 100 x. (A) The Same Specimen After Several Cycles of Repolishing 
and Reetching. 100 x. (Both specimens etched 4 seconds in 5% Niial.) 


Occasionally, appreciable amounts of certain metals have been 
reduced to an amorphous condition by electrodeposition (e.g., “explo¬ 
sive” antimony), condensation from a vapor (antimony and arsenic), 
or mechanical means (usually high shearing stress under very great 
pressure). However, amorphous metal is commonly encountered only 
as the Beilby layer on metal surfaces which have been subjected to 
sliding friction, and here as a layer so thin that it can be detected at all 
only by special methods. 

5-10. Vacant Lattice Points; Diffusion 

The imperfections considered above are chiefly those which appear 
at or near the interface of a given crystal with some other crystal or 
with the metal’s external environment. Except for elastic distortion 
under load, it has thus far been tacitly assumed that the interior of a 
grain of metal is always perfectly regular in its structure. This is far 
from the truth. There are several different types of internal defects to 
which all metal crystals are subject, and some of these are very impor¬ 
tant in their influence upon the physical and mechanical behavior of 
the metal as a whole. The first such defect to be considered is the 
existence within a crystal of vacant positions which, according to the 
geometry of the crystal lattice, should be occupied by atoms. 
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When a solid metallic body is held at constant temperature, each 
crystal within it and each microscopically visible part of each crystal 
soon attain that same temperature. However, on the scale of the atoms 
which compose a crystal, this does not occur, and it is here that 
atomistics —which is concerned with the behavior of individual atoms 
—departs from thermodynamics —which considers only the average 
behavior of very large numbers of atoms. At any given temperature the 
average vibrational energy of the atoms is fixed, but the energies of 
individual atoms vary in a probability distribution around this mean. 
Essentially this is because each atom, although its freedom of motion is 
greatly restricted by the bonding forces of its neighbours, is in a state of 
continuous thermal oscillation, and so participates in a continuous 
series of collisions with these neighbors and of rebounds from such 
collisions. The number of atoms composing an ordinary metal crystal is 
very great, and there exists a definite probability that, at any given 
instant, there will be present within it a small number of atoms which 
have just collided “head on” and are momentarily stationary. At the 
scattered points where this has occurred the temperature of the metal 
is actually at the absolute zero. Elsewhere in the crystal, at the same 
instant but as a result of collision at glancing angles, a few atoms will 
have achieved abnormally great velocities, representing extremely high 
temperatures locally. Most of the atoms present will, of course, have 
veloci‘ies between these extremes, and kinetic energies more nearly 
representative of the average temperature of the metal as a whole. 

In connection with the existence of vacant lattice points, the atom of 
interest is the one that has momentarily achieved an abnormally high 
velocity. It may have kinetic energy sufficient to represent a tempera¬ 
ture well above the melting point of the crystal, or even the boiling 
point. In either case it can escape from the bonding forces of its neigh¬ 
bors and, until collision occurs again to reduce its energy, it can move 
quite freely past and among them. In doing so at a free surface the 
high-velocity atom may be lost to the atmosphere; this accounts for the 
sublimation of solid metals and for their measurable vapor pressure. In 
the intenor of a crystal, the high-velocity atom contributes to diffusion 

and as it escapes from its neighbors, it leaves behind a vacant position in 
the crystal structure. 

Calculations based on the energy distribution of metal atoms at a 
variety of temperatures indicate that within a crystal of ordinary size 
there must, at any given instant, be created a considerable number of 
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lattice vacancies. There is no reason to suppose that any one of these 
persists for more than an instant of time, but the continuous creation of 
new vacancies results in the presence of a certain average number of 
lattice vacancies at all times. The higher the average energy of atoms 
the greater is this number, and so more vacancies appear at higher 
temperature—contributing slightly to thermal expansion—and at 
constant temperature there are more vacancies per unit volume in 
grain boundaries and other high-energy regions than in the more 
regular bodies of the grains themselves. 

As is discussed in some detail in a later chapter, diffusion is the 
basic process of nearly all solidification and solid-state reactions. In a 
few rather exceptional cases, as in the steels, the mechanism of solid- 
state diffusion is immediately apparent; here a very small atom, as of 
carbon or hydrogen, moves rather freely and quite rapidly through the 
interstices of a crystal structure composed of much larger atoms. But 
diffusion rates are also reasonably high in many alloys composed of 
atoms which are nearly alike in size, and even in pure metals, in which 
all the atoms are identical.’ Here the diffusion mechanism is less easily 
explainable. 

In the past it was usually assumed that the mechanism of diffusion 
in most solid metals and alloys was a simple interchanging of positions 
by adjacent pairs of atoms. Undoubtedly this occurs. However, because 
it involves severe local distortion of the crystal, the activation energy 
required for such an interchange is high—so high, indeed, that this 
process alone is apparently incapable of explaining the diffusion rates 
which are actually observed to exist. Therefore it is now generally 
agreed that the principal mechanism of solid-state diffusion is probably 
that identified as migration of lattice vacancies. This also involves a rela¬ 
tively high activation energy for the creation of each new vacancy; but 
thereafter diffusion occurs by a sort of chain reaction in which, at a 
very low activation energy, the presence of the vacancy itself leads to a 
rather widespread reshuffling of atoms. 

When an atom escapes from its neighbors to create a lattice vacancy, 
its own movement through the crystal contributes directly to diffusion. 
However, the vacancy contributes still more. Almost as soon as a 
vacancy appears, the random motion of the atoms around it will cause 
some neighboring atom to drop into and fill it. This of course creates 

1 Self-diffusion in pure metals can easily be demonstrated by use of radioactive isotopes 
and tracer techniques; it frequently occurs at relatively rapid rates* 
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another vacancy, which will promptly be filled by some other neigh¬ 
bor, and so on. Through many repetitions of this cycle the vacancy will 
be perpetuated and will actually undergo a random migration through 
the crystal. Eventually it will encounter and be filled by a stray high- 
energy atom also moving through the crystal, or it will reach a surface 
and be dissipated in forming a 
depression one atom deep. Al¬ 
though it probably exists for only 
a moment, the lattice vacancy 
will in this way have accomplished 
a far more extensive atomic re¬ 
arrangement than did the single 
high-velocity atom whose depar¬ 
ture originally created it. 

Diffusion rates are increased 
rapidly by a temperature rise and, 
at constant temperature, are in 
general higher at grain bound¬ 
aries and other high-energy re¬ 
gions than through the body of a normal crystal. This is probably 
because more lattice vacancies are created per unit of time when atomic 
energies are higher; the direct contribution of increased atomic 
velocity is evidently minor except in the relatively rare case of diffusion 
by the interstitial movement of very small atoms. 



Fic. 5-11. Diffusion by Migration of a 
Lattice Vacancy. If the vacancy at point 1 
were filled by the atom at point 2, this 
might be follo^ved by successive move¬ 
ments of atoms at 3, 4, 5, etc. In effect, 
the vacancy undergoes random diffusion 
through the crystal structure. 


5-11. Defect Lattices 

A number of alloys are known in which one atom of some dissolved 
clement can replace two or more atoms of the solvent metal in the crystal 
structure of the latter. An effect of this general type may be fairly 
common in intermetallic compounds. NiAl, for example, is body- 
centered cubic in structure and, when pure, contains exactly 50 atomic 
percent each of nickel and aluminum. However, when a nickel-alumi¬ 
num alloy is prepared with just a little less than 50 atomic percent of 
nickel, it is found still to have the body-centered cubic NiAl structure, 
but within the structure some positions which should be occupied by 
nickel atoms actually remain vacant.® The result is frequently, if some¬ 
what confusingly, summarized by saying that the NiAl crystal has 

• A. H. CotlreU, Theoretual Structural Metallurgy, New York, Longmans, Green and 
Company, Inc., 1940. 
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dissolved a small amount of excess aluminum, and that for each atom of 

aluminum so dissolved there is created one lattice vacancy within the 
crystal. 

A crystal in which lattice vacancies exist because of the presence of 
foreign atoms is said to have a deject lattice (although defect structure 
would be a more appropriate term). The vacancies of a defect lattice 
differ from those discussed in the preceding section in being permanent 
features of the crystal in which they exist, unaffected by temperature 
changes, and usually confined to the immediate vicinities of specific 
foreign atoms whose presence created them. They are important 
principally because of the severe local distortion which a permanent 
vacancy induces, and which—as is discussed in a later chapter—strongly 
affects the properties of the crystal as a whole. 

5-X2. Dislocations 

Permanent deformation of a metal crystal occurs by displacement 
relative to each other of whole blocks of atoms within it. If the bonding 
forces holding these atoms in position can be measured, it becomes 
possible to calculate the external force which should be required to 
produce this displacement. However, when such a calculation is made 
for a perfect crystal and it is assumed that each block of atoms within 
it remains intact and moves as a unit, the calculated force is found to 
be from about 1000 to about 10,000 times that actually required to 
deform the crystal.^ Because of the tremendous discrepancy between 
theoretical and experimental force requirements, it is evidently neces¬ 
sary to assume either that metal crystals always contain serious imper¬ 
fections, or that such imperfections are created whenever a sufficient 
load is applied to the crystals. Further, it must be assumed that these 
imperfections are of such a nature that they greatly reduce the force 
required to permanently displace crystal segments relative to each other. 

In the past many different types of imperfections were proposed as 
probably responsible for the relative ease with which metals can be 
deformed. For reasons presented in Chapter 7, where the mechanism of 
deformation is discussed in detail, it is now generally agreed that the 
crystal imperfection involved must be a dislocation. 

The general nature of a dislocation is indicated by the sketch in 
Fig. 5-12, which represents a plane section through a cubic crystal 
containing what is called a positive dislocation. The intersection of the 

^ C. S. Barrett, op. n/. 
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plane of the sketch with a plane of dislocation is indicated by line PP. It 
will be noted that the horizontal row of atoms next above PP contains 
one more atom than the corresponding row of atoms just below PP. 
This is true not only within the plane of atoms shown but also within 
each of a long succession of adjacent planes which are parallel to it. 
The centers of the dislocations in all of these planes form a continuous 
line or curve which is normal to the plane of the sketch and passes 
through an appreciable fraction of the crystal. However, on each of the 
planes involved the lateral extent of crystallographic distortion is 



Fig. S-12. Region of a Positive Dislocation. 

limited. At the center of dislocation (i.e., the center of the dashed circle 
in Fig. 5-12) the vertical rows of atoms are out of step by exactly half 
an interatomic distance. To both the left and right of this center the 
extent of misalignment diminishes, and within a relatively short 
horizontal distance the vertical rows of atoms are again perfectly 
aligned across the plane of dislocation. Similarly, interatomic spacing 
within the horizontal rows of atoms is abnormally small Just above the 
center of dislocation and abnormally great just below it. Within a 
relatively short vertical distance above and below the plane of disloca¬ 
tion, this abnormality is corrected, and normal interatomic spacings 
again occur. In two dimensions, then, a dislocation is a localized 
distortion of the crystal structure; in the third dimension (normal to the 
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plane of Fig. 5-12) it extends as a line of dislocation through all or a 

significant part of the crystal or, perhaps, as a closed curve of dislocation 
within the crystal. 

4 

For ease of description and comparison, a dislocation such as that 
desenbed above is called a/lorto dislocation. When, instead, the extra 
atom is present in the row below the plane of dislocation, it is called a 
negative dislocation; this may be pictured by simply inverting Fig. 5-12. 

The atomic misalignment involved in a dislocation is on a scale of 
dimensions so tiny that the dislocation itself cannot be directly observed 
by any means now available. The justification for assuming that dislo¬ 
cations actually exist is the fact that only the presence of some imper¬ 
fection of this general nature can explain why metals deform so readily 
in response to external loading. This alone is sufficient to convince most 
metallurgists that dislocations must and do exist, and it is now generally 

agreed that dislocations are perhaps the most important of all crystal 
defects. 

Many questions remain to be answered before the theory of disloca¬ 
tions becomes complete. One of the most basic is the problem of how 
and where dislocations originate. It is evident from the description 
above that a positive dislocation, for example, might properly be 
described as a series of adjacent lattice vacancies along a line just below 
the center of dislocation. However, it seems most unlikely that either 
thermal vibration or mechanical distortion could produce lattice 
vacancies so numerous, so precisely arranged, and so persistent as these 
must be. Therefore it is now' usually assumed that such a dislocadon 
originates instead in a crowding together of atoms in rows above the 
plane of dislocation, in response to shearing forces parallel to that plane. 
Beyond this there are many uncertainties concerning the nature, origin, 
and behavior of dislocations, some of which are considered further in 
Chapter 7. Nevertheless, the indirect evidence is strong that disloca¬ 
tions must and do exist, and their characteristics are now being studied 
intensively in a great many research programs. 

Rather recently in the development of the dislocation theory, the 
necessity has become evident for postulating the existence of dislocations 
different in some details from those described above. When distinction 
among various types of dislocations becomes necessary, those just 
described are identified as edge {or Taylor) dislocations. Other principal 
types are screw (or Burgers) dislocations and partial dislocations of several 
different kinds. 
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There is good reason to believe that a line of dislocation is not 
necessarily or usually straight. If. for example, the line of dislocation 
should bend 90° within the plane of dislocation, then the arrangement 
of atoms along it should certainly differ on opposite sides of the bend. 
The most probable arrangement of atoms in the region beyond such a 
bend is quite different from that shown in Fig. 5-12; here a systematic 
displacement of planes of atoms which are normal to the dislocation line 
probably causes these planes to form a spiral (a helicoid) centering on 
the line of dislocation. The result is identified as a screw dislocation. In the 
region of bending, if the bend is not sharp, the dislocation must be 
partly of the edge type and partly of the screw type. 

Further, when interactions of dislocations within a crystal and— 
especially—their movements through a crystal are considered, it 
becomes necessary in some cases to assume that the atomic displacements 
represented by a single dislocation can be broken down into two or more 
components, or partial dislocations., which in an actual crystal may react 
differently to an applied force and become physically separated from 
each other. 

A dislocation theory is developing rapidly in both scope and physical 
exactness. The problems involved in it are, however, so complex that 
they cannot even be surveyed here. Therefore, in the sections that follow, 
attention will be focused exclusively on simple edge-type dislocations, 
and many possibilities with regard to interactions even of these will be 
ignored. For a more rigorous and comprehensive treatment of modern 
dislocation theory, the reader is referred to several recent books devoted 
entirely to this subject.*® 

5-13. Mosaic Structure 

Another type of internal imperfection that has received much atten¬ 
tion is the so-called mosaic structure, concerning which the available 
evidence is still somewhat incomplete. 

Mosaic structure is believed to consist of small, periodic interrup¬ 
tions in the internal structures of metal crystals, representing an actual 
fragmentation of each crystal into tiny blocks, each of which is tipped 
slightly out of alignment with its neighbors. It now seems that a crystal 
disruption of this type occurs in units of two distinctly different sizes. 
The larger mosaic blocks, which are discussed further in the next 

«» One of these is W. T. Read, Jr, Dislccations in Crystals, New York, McGraw-Hill Book 
Company, Inc., 1953. 
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section, are probably about 0.1 cm. in each dimension.” They have 
received little attention, probably because their size is of the same order 
as the normal grain size of most wrought metals. The smaller mosaic 
blocks into which these or the grain itself are subdivided are of the order 
of 10-5 to 10-5 cm. in each dimension, and these are the mosaic blocks 
considered in nearly all discussions of mosaic structure. 

The theory that a mosaic structure exists was developed by Darwin 
to explain abnormal line widths in X-ray diffraction patterns of single 
metal crystals. This effect is now well known, and existence within the 
crystal of the fine substructure described above is its simplest (but not 
its only) explanation. Until recently, other evidence for the existence of 
mosaic structure was indirect and inconclusive. With the development 
of the electron microscope, however, Barrett,” Heidenreich,” and 
others have at last been able to study mosaic structure directly, at the 
previously unheard-of-magnifications of 20,000 to 30,000 diameters or 
more. Their results indicate that some internal subdivision of metal 
crystals does exist, the individual units of which differ as widely in size 
and shape as do the grains within which they occur, and that these 
irregular subunits differ slightly among themselves in orientation. 

While mosaic structure is apparently common to all metal crystals, 
it seems now to be generally agreed that it is not an inherent defect of 
them. Many nonmetallic crystals—of quartz, calcite, and diamond, 
for example—have been grown in nature under conditions which cannot 
be duplicated in the laboratory, and are found to approach closely to 
absolute perfection in their internal structures. Presumably metal 
crystals, if grown under conditions equally ideal, would be equally 
free of imperfections. However, entrapment of impurities within a 
growing crystal, contractioa stresses developed during its cooling, or 
vibration, shock, static loading, etc., during its growth or early history, 
produce within any actual metal crystal such imperfections as mosaic 
structure. This general view, that mosaic structure is the result of 
accidents and not of the inherent nature of a metal crystal, is supported 
by the observation that coarse mosaic structure is most pronounced in 
relatively impure cast metals, and fine mosaic structure in metals that 
have been permanently deformed in mechanical-working operations. 

Some evidence has been presented to indicate that the average 

F. Seitz, n/. 

J 2 C S. Barrett, 

13 R. D. Hcidenreich, “Electron Meullography,” Bell Laboratories Record, March, iv:)/, 

pp. lOl^lOS. 
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spacing of planes of dislocation in metal crystals is of the same order as 
the average dimensions of fine mosaic blocks. This has led Taylor and 
others to suggest that dislocations may originate in stress concentrations 
at the boundaries between adjacent mosaic blocks. The opposite view 
—that mosaic blocks are formed by an accumulation of dislocations— 
may be equally valid, and perhaps still more useful to the theory of 
metal behavior. Both views will be considered in Chapter 7, when the 
role of dislocations in the deformation of metals is discussed. 

5-14. Lineage Structure 

The common tendency of solidifying crystals to grow most rapidly 
in the directions having minimum interatomic spacing was mentioned 
in Section 5-4. Most metals have relatively simple crystal structures 

(of 
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Ftc. 5-13. Stages in the Growth of a Fic. 5-14. Lineage Structure (Sche- 
Dcndritic Crystal, (a) Nucleus ap- malic), 

pears; (b) spine develops and branch¬ 
ing arms form; (r) growth continues 
and secondary branches appear; 

(</) body of the crystal fills. 

within which there are only a few directions along which atomic 
packing is outstandingly dense. As a result, during their freezing most 
metal crystals grow originally as skeleton crystals, in which a single spine 
or a family of intersecting spines—representing the close-packed 
directions develops quite rapidly. The spines send out branching 
arms at more or less regular intervals'**; the arms maintain the 
symmetry of the original spines and send out secondary branches 
in their turn. As branching is repeated, the skeleton arms meet and 
thicken, the body of the crystal fills, and idiomorphic faces may finally 
develop. However, when there is insufficient metal to fill the body of 
the crystal completely, as was true of the iron dendrites shown in Fig. 

"«■ 
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5-2, or when impurities are trapped between the growing arms, as in 
Fig. 5-4, the skeleton of the crystal may still be visible when freezing has 
been completed. 

When large crystals in a cast metal are examined even at relatively 
low magnifications, it is frequently evident that the opposed branches 
of the skeleton crystal, in their growth toward each other, have not met 
in perfect alignment. The result is a lineage structure, in which misalign¬ 
ment of adjacent branches of the skeleton crystal has subdivided the 
crystal as a whole into columnar areas that differ slightly in orientation. 
Buerger and others have suggested that this results principally from 
rejection of impurities by the growing crystal, their concentration 
between its branching arms, and their final entrapment there. Un¬ 
doubtedly this occurs, as witness Fig. 5-4. However, while it is easy to 
see that this might obstruct at least the last stages of growth of the 
skeleton arms, it is not clear why it should cause the symmetry of their 
basic structure to be distorted. It is quite possible that nonuniform 
thermal contraction within the dendrites, as a result of temperature 
gradients existing in the freezing metal, may be the major reason for the 
development of a lineage structure. 

The individual areas usually observed within a lineage structure are 
on a scale of size approximating that of the coarser mosaic blocks 
mentioned in Section 5-13. In general it is only in cast metals that 
individual grains are large enough to contain mosaic structure as coarse 
as this, and also it is only in cast metals that lineage structure appears. 
Therefore, unless and until evidence is presented to contradict such an 
assumption, it seems reasonable to assume that lineage structure and 
the coarse mosaic structure are actually the same. 

In most discussions of mosaic structure it is only the finer mosaic 
pattern that is considered, and this is most evident in metals which 
have been mechanically worked. When it appears at all in cast metals, 
fine mosaic structure is probably also the same as lineage structure, 
but on a very minute scale. In wrought metals, from which the original 
cast structure has been completely eliminated by deformation and heat 
treatment, mosaic structure must have some other origin as was 
implicit in the discussion in the preceding section. 

5-15. AUoy Types 

When a molten alloy is cooled and allowed to freeze under condi¬ 
tions approaching those of true equilibrium, the internal structure o 
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the resulting solid is determined primarily by the chemical nature of 
the elements that compose it. In general, one of three types of structures 
will appear in the solid alloy. 

1. Intermelallic Compounds. If the elements composing an alloy 
are either very dissimilar in their chemical nature or very much alike, 
then the alloy may freeze as an intermetallic compound. This is common 
only when one of the elements involved is definitely electropositive (as, 
for example, manganese and magnesium arc) and the other is distinctly 
electronegative (e.g., tellurium and tin). A compound such as SiC is, 
then, somewhat exceptional. Its formation is possible only because the 
two elements which form it each has four electrons per neutral atom, 
so that normal covalent bonding can join them into a compound which 
has the same valence structure {diamond cubic) that either element 


would assume if it were present alone. Presumably this could also occur 
for other pairs of elements in Groups IV, V, VI, and VII in the periodic 
table. However, the common metals of engineering come almost 
entirely from the various transition series and from Groups I, II, and 
III. In alloys which contain only these metals, stable combination by 
covalent or ionic bonding is impossible, and combination by metallic 
bonding seems to occur only among metals from different groups which 
vary widely in chemical activity. It is usually true, therefore, that inter- 
metallic compounds appear only in alloys composed of elements that 
differ considerably both in chemical nature and in chemical activity. 
While such alloys are reasonably common, alloys containing only 
elements more nearly alike in these respects are still more numerous. 

Therefore the majority of commercial alloy compositions are not based 
upon intermetallic compounds. 


2. Solid Solutions. Far more common than pure intermetallic 
compounds are solid solutions, in which atoms of two or more chemical 
elements are dispersed throughout the same crystal structure. Solid 
solutions resemble liquid solutions in that both, at equilibrium, consist 
of statistically uniform mixtures ofunUke atoms; they differ from liquid 
so utibns in being truly crystalline and in having physical and mechani¬ 
cal properties quite unlike those of any liquid. 

Solid solutions differ from intermetallic compounds in that, except 
by coincidence, the ratios among the various types of atoms present in 
them are not simple stoichiometric ones. Further, intermetallic com- 
pounds usua ly have ciystal structures which are distinctively their own. 
A solid soluuon has the crystal structure of the solvent, whatever it 
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may be, distorted but not changed in its fundamental lattice symmetry 
by the presence of solute elements. 

The solvent upon which the structure of a solid solution is based is 
usually a pure metal. However, it may instead be an intermetallic 
compound. As is discussed in some detail in later chapters, the extent to 
which any given element is soluble in a solid crystal of any other element 
or compound is often extremely small, but it is never zero. Therefore, 
in dealing with alloys, the metallurgist is constantly dealing with solid 
solutions. The exceptional case is that of an alloy specially prepared so 
that the ratio of its component elements is exactly that required to form 
a pure intermetallic compound; an excess of any element will result in 
the appearance of a solid solution which may be based upon the com¬ 
pound as solvent but will contain some of the excess element in solid 
solution. 

3. Heterogeneous Alloys. When all of the crystals present in a 
solid metal or alloy are of the same type and composition, it is said to 
be homogeneous. Except at the exact temperature of a polymorphic 
transformation, pure metals arc necessarily homogeneous in this sense, 
and so are pure intermetallic compounds. Alloys involving solid solu¬ 
tions may or may not be homogeneous.* 5 As is brought out in the next 
section, there are usually definite limitations on the extent to which a 
given element is soluble in any crystal structure not its own. If the 
element in question is present in an amount which exceeds this solu¬ 
bility limit, the excess must remain undissolved and so, when the alloy 
is solid, must appear as a crystal different in composition and therefore 
in structure from the saturated solid solution which is also present. 
The result is a heterogeneous alloy —one which contains two or more types 
of crystals that can be shown to differ significantly in composition, 
crystal structure, or mechanical or physical properties. Heterogeneous 
alloys are extremely common in metallurgy, and several—the ordinary 
steels, Muntz metal, etc.—have already been mentioned. 


From the above discussion it is evident that a solid alloy can, at 
equilibrium, exist only as a pure intermetallic compound, a homo- 

15 It is evident, of course, that a crystal of any compound or solid solution must involve 
atoms of two or more different elements, and so cannot itself be homogenous on the atomic 
scale of dimensions. Heterogeneity on the atomic scale is not det«:tabe y . 

iaspection or by any ordinary physical, mechanical, or chemical test shwt o actua c 

analysis. Therefore, any crystal or polycrysulline aggregate in whi^ ‘^^t£T-!rnarneous hi 
atoms can be demonstrated only by chemical analysis is considered to be g 

the sense in which this term is usually used in metallurgy. 
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geneous solid solution, or a heterogeneous mixture of solid solutions. 
Of these three general alloy types, the pure intermetallic compound has 
a crystal structure distinctively its own. This structure is subject to 
inherent defects, discussed above, that are common to all metal crystals, 
but is not usually more imperfect than is any crystal of a pure metal. 
However, a pure intermetallic compound is a real curiosity. All the 
ordinary alloys consist basically of solid solutions, and the crystal 
structure of a solid solution is necessarily distorted by the presence of 
dissolved atoms in it. 

Crystallographic distortion because of the presence of foreign atoms 
is, then, a defect peculiar to solid solutions. It has a pronounced influence 
upon the properties of any alloy containing one or more solid solutions. 

5-16. Crystal Distortion by Foreign Atonxs 

For a solid solution to exist at all, it is obviously necessary that a 
solute element has been dissolved in the crystal structure of some other 
element or compound. No two species of atoms are identical in size or in 
chemical nature. Therefore, the solute atom cannot be expected to 
match exactly the symmetry, spacing, and bonding requirements of 
this other structure; its presence always results in a local distortion of 
the crystal structure of the solvent. If the solute element is widely 
different from the solvent, its presence creates a serious disturbance; 
the more nearly alike the atoms involved, the less drastic the resulting 
distortion. 

Crystallographic distortion because of the presence of a misfit 
foreign atom is frequently severe, but it is confined to the immediate 
vicinity of that atom, and so to a volume of metal far too small to be 
observed directly. The only direct means for determining the structural 
effect of the presence of foreign atoms is afforded by X-ray diffraction 
techniques which allow precise measurement of lattice parameters— 
but only as the average parameter of a reasonably large crystal or a 
number of smaller ones. Such a method is not sensitive to the presence 
of one or just a few dissolved atoms, since these change the average 
parameter only slightly. However, the structural effect of foreign atoms 
is cumulative, and a continuous change in the average parameter is 
observed as the concentration of the solute element is further increased. 
If the solute atom occupies a point in the crystal structure which was 
previously unoccupied, or if it replaces an atom of smaller volume, then 
its repulsion for its neighbors increases the average lattice parameter of 
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the crystal. Conversely, if it replaces a larger atom or creates a defect 
structure, its presence diminishes the average parameter. Thus if 
metal A and metal B have similar crystal structures when pure and are 
mutually soluble in all proportions in the solid state, the curve of lattice 
parameter vs. composition for alloys of A and B has the general trend 
illustrated in Fig. 5-15. Since metal B has the larger parameter {y) when 
pure, its dissolution by metal A causes an increase in lattice parameter 
according to curve xy. Conversely, when metal A (having lattice 
parameter x when pure) is dissolved by B, a reduction in parameter 
occurs—along the same curve, but in the opposite direction, xy is, in 
general, almost a straight line; but interactions among the dissolved 



JOC 7S 10 If ox A 
Comporition 

Fic. 5-15. Variation of Lattice 
Parameter with Composition for a 
Binary Alloy Scries in Which Mutual 
Solid Solubilities Are Unlimited. 


i 



Compearlon 
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atoms as they accumulate in the structure often cause slight departures 
from linearity. 

The slope of curve xy (Fig. 5-15) is a direct function of the degree of 
dissimilarity between the two elements involved in the solid solution. 
However, a very steep curve which is continuous across the entire 
diagram is not often encountered. Such a curve indicates that each 
increment of one element dissolved by the other creates a relatively 
serious disturbance in the crystal structure of the latter. This, in turn, 
implies creation of a considerable increment of distortional energy. 
Eventually distortion of the solvent structure may become so severe 
that a reduction in free energy will result from its rejection of the solute 
atoms. At this point a solubility limit is reached. Such a situation is 
represented in Fig. 5-16 for an alloy pair in which mutual solid solu- 
bilitie.s arc limited—a relation far more common than the complete 
mutual solubility discussed above. 
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As metal D is added to metal C, it forms a solid solution, here called 
ot, and increases the average lattice parameter of the a according to some 
curve such as xxi- At some composition corresponding to point x^, 
further dissolution of metal D would create an intolerably high energy 
condition in the solid solution, and so a solubility limit is reached. 
Beyond this point additional metal D remains undissoived, and so, 
with alloy compositions to the right of point xj, any a present maintains 
both the composition and the lattice parameter of point xj. This is 
indicated by the horizontal line segment X 1 X 2 , representing a constant 
lattice parameter for the a thoughout this range of compositions. 

At the other end of the alloy diagram a similar situation exists. 
Dissolution of metal C by metal D forms a solid solution, j8, the lattice 
parameter of which diminishes according to curve jyj as the concentra¬ 
tion of metal C is increased. At some composition represented by point 
yi the limit of solubility of metal C in metal D is reached. Further 
additions of metal C to the alloy do not further reduce the parameter 
of the /3 solid solution because they are not dissolved by it. As is in¬ 
dicated by line yiy 2 , the lattice parameter of the /3 remains constant 
in any alloy composition to the left of point^j, so long as ^ is present at 
aU. 

In alloys whose overall compositions fall between X| and^i, there is 
present more metal D than can be dissolved by the a and also more 
metal C than can be dissolved by the Such an alloy at equilibrium is 
therefore heterogeneous; it is a mechanicad mixture of crystals of a 
saturated in metal D —having the composition and lattice parameter of 
point Xj—with crystals of/9 saturated in metal C and having the compo¬ 
sition and lattice parameter of point^|. If the overall alloy composition 
is near point Xj, then crystals of a predominate in the mixture; with 
alloy compositions richer in metal D the proportion of /S increases until, 
at and beyond the overall alloy composition yi, only ^ crystals arc 
present. However, between xj and yj there is no change in the composi¬ 
tion or lattice parameter of either the a or the the only change is in 
their relative amounts. 

5-17. Determination of Solubility Limits 

The effects of the systematic crystallographic distortion described 
above are apparent in the physical and mechanical properties of both 
homogeneous and heterogeneous alloys, whenever solid solutions are 
involved. These effects are discussed in some detail in later chapters. 
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However, a very useful metallographic technique based on measure¬ 
ment of lattice parameters is worth mentioning here. 

Precise determination of the extent of solid solubility of two metals 
in each other at a specific temperature is frequently a matter of some 
importance—for example, as a guide to heat treatment of alloys which 
can be improved in their properties by so-called precipitation-hardening 
techniques. Such a solubility determination is difficult and is usually 
rather inaccurate except when X-ray diffraction methods are used. 
These permit very accurate measurements of the average lattice pa¬ 
rameters of a series of solid solutions. To locate the solubility limit of 
metal D in metal C (Fig. 5-16), it is necessary only to make up a series 
of alloys whose overall compositions are in the vicinity of xj, heat treat 
them in such a way as to establish equilibrium at the temperature of 
interest, then measure the parameter of each by standard diffraction 
methods. On the resulting curve of lattice parameter vs. overall alloy 
composition, the ‘‘knee” at point X| is located as the solubility limit 
sought. Similarly, from examination of a series of alloys rich in metal Z), 
point^i can be located as the limit of solubility of metal C in the /3 solid 
solution. 

When the two types of atoms involved in a- solid solution are widely 
dissimilar in their chemical and physical nature, curves xxj andjj^i 
are relatively steep, and the extent of solubility of each metal in the 
other is actually quite limited. In such a case the changes in slope at 
points Xj and^j arc usually sharp and easy to locate precisely. But when 
the elements involved are more nearly alike the curves become flatter, 
mutual solubilities are more extensive, and the knee of each curve 
becomes increasingly difficult to locate exactly. In the extreme case, 
typified by aluminum-rich alloys of aluminum and silver, the change 
in lattice parameter produced by the alloy addition is so slight that some 
other technique must be used. Here the disappearing-phase method is 
usually adopted. 

At alloy compositions between points Xj and y\ (Fig. 5-16) the 
solubility limits of metal C in metal D and of metal D in metal C have 
both been exceeded, and the alloy exists as a mixture of the a a^ ^ 
solid solutions. A diffraction pattern of any alloy within this composition 
range therefore contains two sets of lines or spots, one set representing 
the crystal structure of the a and the other that of the If diffracuon 
photographs are made from a series of such alloys in which the content 
of metal D is continuously increased, the pattern representing a crys 
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will diminish in intensity throughout the scries and, at or beyond the 
composition at point ^ 2 , will not appear at all. The composition at which 
the heterogeneous alloy first becomes homogeneous is, of course, the 
solubility limit ( 7 ,) of metal C in metal D. Similarly, for a senes of alloys 
whose content of metal C increases, the first diffraction pattern which 
shows no evidence of the ^ solid solution represents the solubiUty Umit 

of metal/) in metal C, at point Xi. 

X-ray diffraction methods are relatively sensitive in measunng 
lattice parameters, but somewhat insensitive in detecting the first 
appearance in an alloy of small amounts of any new type of crystal. 
Therefore, where both of the above methods arc applicable, the dis¬ 
appearing-phase technique is usually somewhat less precise in locating 
solubility limits than the method based on changing lattice parameters. 

5-18. Interstitial Solid Solutions 

All solid solutions are alike in certain fundamental respects, and 
particularly in the fact that their crystal structures are imperfect because 
of the presence of solute atoms in them. There are differences among 
them in the distribution as well as the amount and nature of solute 
atoms, and so in the extent and uniformity of the crystallographic 
distortion which these foreign atoms produce. Such differences are 
reflected in the properties of individual solid-solution crystals, and of 
the aggregates of crystals that compose industrial alloys of the solid- 
solution type. 

When a solid solution is formed between two elements whose atoms 
differ greatly in diameter,as do those of carbon and iron or hydrogen 

While the term “diameicr of the atom’* is used repeatedly in this and later sections, 
it is open to criticism so serious and so valid that the entire concept of atomic diameter must 
be us^ and interpreted very cautiously. /\s was noted in Section 3* 15. it is oversimplihcation 
in the hrst place to a^ume that any atom is actually spherical, as it must be to have a diameter. 
Further, the diameter of a**sphencar’ atom can be measured only by determining (by 
X*ray diffraction methods) the spacing of atoms in an actual crystal, then assuming that the 
closest spacing obsersed represents the ccntcr-io-center distance of rigid spheres whose 
surfaces are in contact. When this assumption is made, it becomes unavoidably necessary to 
assume also that a temperature or pressure change sufficient to alter the s’olume of the crystal 
actually changes the “diameters’* of the atoms which compose it. Still more confusing—in 
different polymorphic forms of the same pure metal at the same temperature and pressure, 
the measured “atomic diameters” are different, and these always differ in turn from the 
“atomic diameters” measured in alloys and compounds of the same metal. Obviously, the 
term “atomic diameter’' cannot be taken too literally, nor can published values for diameters 
of specific atoms be accepted uncritically. On the other hand, rough though it is, the concept 
of “atomic diameter” docs give some basis for comparing the volumes required by different 
types of atoms present in the «mc crystal structure, and so is often useful in discussions of 
the theory of alloys. 
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and palladium, it is possible for the smaller atoms to assume stable 
positions in the interstices between the larger ones, in the crystal 
structure typical of the latter. Because of the positions assumed by the 

smaller [solute) atoms, alloys thus formed are identified as interstitial 
solid solutions. 

If a crude model of an interstitial solid solution is made by stacking 
golf balls in the arrangement of the crystal structure of the solvent, it 
will be found that buckshot fit interstitially into the pile while marbles 
do not. This illustrates the fact that there is a definite geometric limita¬ 
tion on the size of the small spheres that can be accommodated inter¬ 
stitially in any three-dimensional arrangement of larger ones. If atoms 
are assumed to be spherical, this size limit must also exist for them, and 
should be a controlling factor with regard to the possibility of forming 
interstitial alloys. Thus Hagg*"^ found that the largest atom that can be 
dissolved interstitially in significant amounts has an atomic diameter 
about 59% that of the atoms composing the original crystal. In view 
of the uncertainties involved in determining atomic diameters, this 
figure must be considered only approximate. It does, however, agree 
rather well with the minimum dimension of the largest openings which 
exist in any close-packed arrangement of spheres. 

The atoms of the common engineering metals are so nearly alike in 
size that they do not form interstitial solid solutions with each other. 
The important alloys of this type are therefore those formed between a 
metal as solvent and one of the so-called metalloids —carbon, hydrogen, 
nitrogen, and boron—whose atomic diameters are relatively small. 
Further, the only metals which dissolve significant amounts of the 
metalloids are certain of the transition elements, notably iron, nickel, 
chromium, cobalt, molybdenum, tungsten, platinum, palladium, 
osmium, and iridium. Most other metals are so strongly electropositive 
that they form ionic-type compounds (carbides, hydrides, nitrides, and 
borides) with the metalloids, and such compounds are fairly common 
even among the transition elements listed above. It is still not known 
why, in spite of a favorable atomic size factor, several of the relatively 
inactive metals seem unable to dissolve the metalloids interstitially. 

It is probably unnecessary to point out that the element with a 
smaller atomic diameter can never accommodate interstitially that 
with a larger diameter; the larger atom cannot conceivably be crowded 
into the interstices which exist between atoms smaller than itself. For 

Quoted by F. Seitz, op. cit. 
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example, the intersUtial solubility of carbon in iron is appreciable and im¬ 
portant ; the reverse solubility, that of iron in carbon, is essentially zero. 

An interstitial solid solution has essentially the crystal structure of 
the solvent, which is always the element having the larger atomic 
diameter. The solute atoms, however, have mass, occupy space, and 
exert a definite repulsion for neighboring atoms which approach them 
too closely. Their presence therefore results in localized distortion of 
the crystal structure of the solvent, and in a slight but measurable 
increase in its average lattice parameter. Atoms dissolved interstitially 
are necessarily small ones; nevertheless, their presence in the interstices 
of the solvent structure makes a normal contribution to the mass of the 
alloy. An increase in the concentration of solute atoms usually increases 
the mass of the alloy more rapidly than its volume and average lattice 
parameter, so that the density of the alloy is also increased. 

In interstitial solid solutions, diffusion of the solute element is 
outstandingly rapid, since the relatively small solute atoms can move 
rather freely through openings normally present in the solvent structure, 
without waiting for the chance appearance of a lattice vacancy. 

5-19. Interstitial Compoimds 

Interstitial alloys are occasionally encountered in which the propor¬ 
tion of solute to solvent atoms is so inflexible and the bonding forces 
between them so strong that the alloys must be considered actual 
compounds rather than solid solutions. Such interstitial compounds usually 
differ significantly in crystal structure from the unalloyed solvent 
metal. Apparently this is because the solute atoms are present in 
relatively high concentration and are uniformly distributed in inter¬ 
stices of a certain size throughout the crystal structure, so that they 
produce a systematic and consistent distortion of that structure. For 
example, a-iron can be alloyed with carbon to form FejC, which is 
orthorhombic, or with nitrogen to form Fe 4 N, which is face-centered 
cubic. Although both of these structures appear to be totally unrelated 
to the body-centered cubic structure of a-iron, each can actually be 
produced from the a-iron structure by a systematic distortion that does 
not involve extensive atomic rearrangement. 

FcjC, Fe 4 N, and most other interstitial compounds are very hard, 
very strong, and very brittle. Typically, their melting points are 
extremely high, and their densities are always somewhat greater than 
those of the pure metals from which they form. 
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5—20. Snbstitntioiial Solid Solutions 

When the elements composing an alloy are reasonably similar in 
chemical nature and chemical activity, they are unlikely to form 
compounds. If their atomic diameters are not widely different, they are 
incapable of forming interstitial solid solutions. Usually an alloy based 
on elements which are generally similar in these respects appears in the 
solid state as a substitutional solid solution, in which atoms of the solute 
elements simply replace some of the atoms of the solvent in the crystal 
stnicture of the latter. Substitutional solid solutions are very common 
among the ordinary metals of engineering, most of which have low 
positive valences, are definitely electropositive, and do not differ greatly 
in atomic diameter. 

Hume-Rotheryis and his associates have shown that if the atomic 
diameters of two metals do not differ by more than about 15%, it is 
possible for them to have extensive substitutional solubility in each 
other. If the size difference is greater than this, the extent of mutual 
solubility is usually quite limited—at least until the disparity becomes so 
great that interstitial solubility is possible. However, a favorable size 
factor is not the only prerequisite for substitutional solubility. The solute 
atom must be capable of forming with its new neighbors bonds which 
are similar in nature, number, and angular arrangement to those 
previously maintained by the solvent atom which it has replaced; 
otherwise it will destroy the solvent structure locally instead of con¬ 
tinuing it. The necessary degree of similarity in bonding characteristics 
is indicated when solute and solvent atoms are closely rdated in 
valence and in chemical activity, and when, as pure elements, they 
form crystal structures which are at least generally similar in symmetry. 
The importance of this requirement is exemplified by gold, silver, and 
bismuth, which are closely similar in atomic diameter; gold and silver, 
which are also very similar in chemical nature, are mutually soluble 
in all proportions when solid, but the mutual solubilities of gold and 
bismuth and of silver and bismuth are negligible. 

Particularly among the transition elements, there are many pairs 
of metals which are closely similar both in atomic diameter and in 
chemical nature. Examples include iron and nickel, chromium and 
molybdenum, platinum and iridium, iron and manganese, and many 
others. Each of the metal pairs listed shows extensive substitutional 

18 W. Hume-Rothcry, The Stnidyre of Metals end AU^, London, Imtitute of Metili, 
1936. 



155 


5-214 Relative Valence Effect 

solubility in the solid state, and each is the basis of an important series 
of industrial alloys. However, extensive mutual solubility is not confined 
to pairs of transition elements. It occurs also in alloys of bismuth and 
antimony, of cadmium and magnesium, of copper and nickel, of silver 
and palladium, and a great many other metals. The extent of substitu¬ 
tional solubility varies widely from one pair of elements to another, 
and in general it diminishes rapidly as significant chemical or physical 
differences appear in the elements composing the alloy. 


5-21. Relative Valence Eflfect 

When the extent of substitutional solubility of two elements in 
each other is limited, it is common to find that the solubility of one 
element in the other is considerably greater than the reverse solubility, 
that of the second element in the first. For example, at room tempera¬ 
ture the limit of solubility of zinc in copper is at about 38% Zn, 62% Cu, 
whereas the limit of solubility of copper in zinc is at less than 1 % Cu. 
Such a disparity in solubilities may often be rationalized in terms of the 
relative valence effect. 

In a crystal formed by metallic bonding, the energy band containing 
the electron cloud usually includes at least a few energy levels which are 
vacant or only partially filled with electrons. When this is true, the 
crystal can ordinarily accommodate at least a few atoms of some foreign 
element having an atomic diameter similar to that of the solvent, but 
higher valence. Thus the crystal structure of copper can contain in 
substitutional solution a rather large proportion of zinc, in spite of the 
fact that each zinc atom introduces into the electron cloud two valence 
electrons instead of the single electron that would have been provided 
by the copper atom which the zinc replaced. On. the other hand, a 
deficiency of electrons in the electron cloud seems to create a high- 
energy condition which is very unstable, and the solubility of a given 
element in any other element with higher valence is usually quite 
limited. Substitution of a copper atom for a zinc atom in the crystal 
structure of zinc creates this condition, and the extent of the solubility 
of copper in zinc is very small. 

This is called the relative valence effect^ and it is usually stated as 
follows: in substitutional solid solutions of elements which differ in 
valence, the solubility of the metal with higher valence in that with 
lower valence is usually more extensive than the reverse solubility. 
The effect is evident only in alloys in which metallic bonding occurs in 
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the structure of at least one of the possible solid solutions, since an 
incompletely filled valence energy band must be present to accommo¬ 
date the extra electrons furnished by the higher-valence solute element. 
Among ionic- and valence-type crystals, substitutional solubility can 
never be extensive unless the solute element has the same valence as 
the solvent, because here there is no electron cloud to accommodate 
extra electrons, and neither an excess nor a deficiency of electrons can 
be tolerated. In this regard the case of iron and silicon is instructive. 
Iron, having a metallic crystal structure, can at room temperature 
dissolve as much as 14% of silicon by weight in spite of the higher 
valence of silicon. Silicon, however, forms a valence-type crystal, in 
which the solubility of iron is negligibly small. This, incidentally, is 
true in spite of the fact that silicon and iron differ in atomic diameter 
by only about 6%, and it indicates again that a favorable size factor is 
not the only prerequisite for extensive mutual solubility in the solid 
state. Here iron, a transition element, cannot fulfill the bonding require¬ 
ments of the silicon structure, and so is almost completely insoluble in 
it. 

5-22« Electron Concentration vs. Extent of Solubility 

The existence of a solubility limit for zinc in copper and for silicon 
in iron suggests that there must be an upper limit to the number of 
extra valence electrons which can be accommodated in the electron 
cloud of a metallic crystal. This in turn implies that the energy band 
containing the electron cloud includes only a limited number of 
unfilled energy levels, each capable of containing only a specific number 
of additional electrons. There must, then, also be an upper limit to 
the extent of the valence energy band, and beyond that limit an energy 
gap in which electrons cannot exist. This general concept is now widely 
accepted and is the basis of several later discussions of the electrical 
and magnetic properties of metals. It is also the basis of an interesting 
attempt to rationalize the variations in the substitutional solubility of 
different solute elements in the same metallic solvent. 

If the electron cloud of the solvent crystal can accommodate only 
a specific number of additional electrons, then the crystal should be 
capable of dissolving another element of higher valence only up to the 
point at which the extra valence electrons provided by solute atoms are 
present in exactly this number. Here a solubility limit would be reached. 
If the valence of the solute element is one unit higher than that of the 
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solvent, it provides one extra electron per atom dissolved, and this 
limit shoiild be reached with one foreign atom in solution for each 
extra electron that can be accommodated. If the solute element provides 
two extra valence electrons per atom, then the solubility limit should be 
reached when only half this many foreign atoms have been dissolved, 
etc. In other words, the extent of solubility of foreign elements in the 
same metallic solvent should be an inverse linear function of the 
valences of the solute elements. Certain alloys of silver form a series in 

which this is at least approximately true. 

In pure silver (valence 1) the electron concentration is unity; i.e., 
there is present one valence electron per atom throughout the crystal 
structure. However, silver is capable of dissolving zinc (valence 2) up 
to a limit of about 40 atomic percent of zinc. In the saturated solid 
solution there are present approximately 4 atoms of zinc to 6 atoms of 
silver, providing 4 x 2 + 6 x 1 = 14 valence electrons per 4 6 = 10 
atoms. Evidently the electron cloud within a crystal of silver can accom¬ 
modate additional electrons up to an electron concentration of about 
14/10 = 1.4. Therefore, when aluminum (valence 3) is dissolved in 
silver a solubility limit should be reached with about 2 atoms of alu¬ 
minum dissolved per 8 atoms of silver, to give 2x34‘8xl — 14 
electrons per 10 atoms; the solubility limit thus predicted, at 20 atomic 
percent of aluminum, agrees very well with that determined experi¬ 
mentally. Similarly, with tin (valence 4) the solubility limit appears at 
about 13 atomic percent of tin, or roughly 2 atoms of tin to 13 of 
silver; again this gives an electron concentration of approximately 
1.4. 

Unfortunately, not many alloy series in which mutual solubilities 
are known can be systematized so neatly as this; in fact, most other 
alloys of silver itself do not fit at all well into the series described above. 
Undoubtedly this is because each different solute element has a some¬ 
what different effect upon the extent and configuration of the valence 
energy band within the solvent crystal, and because such other factors 
as chemical activity and relative atomic diameter are also important in 
determining the extent of solid solubility. On the other hand, the 
concept of a solubility limit that is reached at some fairly definite 
electron concentration is immediately useful in explaining in a very 
general way the wide variations in the extent of substitutional solubility 
occasionally noted among elements which are quite similar in atomic 
diameter and chemical activity. 
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5-23. Ordered Snbsdtndonal Solid Solutions 

In substitutional solid solutions the distribution of solute atoms 
throughout the crystal structure of the solvent seems usually to be 
random. In certain alloys, however, after cooling through some rather 
definite temperature range, the solute atoms are found to assume 
specific positions in the structure and to repeat these positions in all or 
nearly all unit cells throughout the alloy. In this condition the solid 
solution is said to be ordered.^^ 

Under the microscope the ordered and unordered conditions of the 
same solid solution cannot be distinguished visually, and there is 
usually little difference between them in strength, hardness, ductility, 
and other mechanical properties .20 Distinct differences appear, however, 
in such physical properties as electrical resistivity and specific heat, and 
some of these differences have direct industrial significance. Further, in 
an ordered structure the solute atoms appear concentrated along specific 
planes throughout each crystal, and so the X-ray diffraction pattern of 
an ordered solid solution contains certain lines or spots which are not 
present in the pattern of the same alloy unordered. It is, in fact, 
primarily through diffraction studies that ordering is detected and the 
ordering process investigated. 

Perhaps the best-known example of ordering occurs in the case of 
^-brass, an alloy of copper and zinc whose composition is in the neigh¬ 
borhood of 50 atomic percent of each element. At temperatures higher 
than about 850® to 875® F.—the exact temperature depending upon the 
specific alloy composition examined—j3-brass is an unordered substi¬ 
tutional solid solution. Its crystal structure is body-centered cubic, and 
within it the distribution of copper and zinc atoms is at least statistically 
uniform. When the alloy is cooled to below this temperature fange, 
order appears in the atomic arrangement—copper atoms seek pre¬ 
ferred positions at the corners of all unit cells, and zinc atoms at their 
centers.When ordering is complete, the crystal structure is that 

>9 Ordered solid solutions are sometimes said to have superlattices or supcfstfuctures since, 
in effect, a geometric arrangement of solute atoms has been superimposed upon the crystal 

structure of the solvent. ^ .u. 

20 Some authors state that a marked increase in strength afid brittleness accompanies the 

ordering of ceruin substitutional solid solutions. This seems to be exceptional, and may W 
the result of the formation of an actual compound by some solid-state reaction other than 


'‘Tn^re^rls^liwavs, locauon of the origin of reference coordinates is completely ^bitra^ 
If the origin were placed at a point occupied by a ainc atom instead 

this same ordered arrangement would have zinc atoms at the comers of all unit cells and 
copper atoms at their centers. 
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sketched in Fig. 5-17, which is of the cesium-chloride type. In this 
condition the alloy is usually identified as /3'-brass, the prime symbol 
distinguishing it from ordinary 
^-brass, which is the same alloy 

unordcred.22 

Consideration of Fig. 5-17 
will show that each {100} plane 
in perfectly-ordered ^'-brass con¬ 
tains one type of atoms ex¬ 
clusively. Planes containing only 
zinc atoms alternate in three 
dimensions with planes contain¬ 
ing only copper atoms. It is not 
surprising, then, that )5'-brass 
differs significantly in some of its 



Fig. 5-17. The Ordered Crystal Structure 

of /3'-Brass. 


properties from unordered ^-brass, in which the distribution of copper 
and zinc atoms along each plane is statistically uniform. 


5-24. The Physical Basis of Ordering 

In order for a solid solution to be stable at all, it is evidently neces¬ 
sary that the free energy of the alloy as a whole be less when solute 
atoms are dispersed throughout the structure of the solvent than when 
they are segregated into separate crystals of a pure metal or compound 
or a second solid solution. The evident tendency in a stable solution for 
each solute atom to surround itself with atoms of the solvent in prefer¬ 
ence to other atoms of its own kind is best rationalized in terms of an 
electrostatic interaction which is akin to ionic bonding. 

No two elements are identical in chemical activity, and this is as 
true when they exist together in solid solution as it is in any other 
environment. Within a solid solution the more electronegative atoms 
tend to accumulate valence electrons at the expense of the more electro¬ 
positive atoms. In the extreme case the extra valence electrons enter 
the structure of the more electronegative atoms, stable ions are formed, 
and the alloy exists as an ionic-type compound. More commonly 
among metallic alloys, the difference in activity between the component 
elements is less drastic than this, and actual ionization does not occur. 
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There remains, however, a definite tendency for free electrons in the 
electron cloud to cluster around the more electronegative atoms, giving 
each of them a negative electrostatic field. This exerts a definite, although 
relatively weak, attraction for the positive field simultaneously created 
around the more electropositive atoms. The wider the disparity in 
chemical activity between solute and solvent atoms, the greater is the 
concentration of electrons around the electronegative ones, and the 
stronger the forces of electrostatic attraction which result. 

In j8-brass, for example, the more electronegative atom—copper— 
attracts to its vicinity a disproportionate number of electrons from the 
electron cloud, and the density of the cloud is correspondingly reduced 
in the vicinity of each zinc atom. The opposite electrostatic charges 
which appear in the vicinities of copper atoms and zinc atoms are 
only about one-tenth as powerful as if actual ionization had occurred,^3 
but they are still sufficiently intense to influence the arrangement of 
unlike atoms within the body-centered cubic structure of /S-brass. 
Each atom tends to surround itself with atoms of the other kind. The 
result of this tendency is ordering of the solid solution, with appearance 
in this case of the cesium-chloride structure identified as j3'-brass, shown 
in Fig. 5-17. However, the electrostatic forces which produce ordering 
are relatively weak and are quite easily overcome by thermal agitation 
of atoms composing the structure. Above about 850® to 875® F., there¬ 
fore, disruptions in the ordered /5' structure become so numerous that 
the solid solution is considered to be unordered and is called simply 
/3-brass. 

It must be emphasized that this is a perfectly normal sequence of 
events in any solid solution whose component atoms differ significandy 
in chemical activity. A clustering of electrons in the vicinity of the 
more electronegative atoms produces charges similar to those involved 
in ionic bonding (but much weaker, and occurring without permanent 
electron transfer, so that the bond forming the crystal is still considered 
to be a metallic one). Therefore, the free energy of the solTd solution is 
least when each solute atom is completely surrounded by atoms of the 
solvent. In dUute solid solutions—e.g., in copper containing only a few 
percent of dissolved zinc—this stable condition is attained with a 
random distribution of solute atoms throughout the crystal structure. 
Here mutual repulsion of similar electrosUtic charges causes the solute 

23 F. Seitz, ‘‘The Contribution of Modem Physics to Metallurgy, of Appl. 
November, 1948, pp. 973*987. 
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atoms to assume a distribution which is at least statisticaUy uniform 
and in which, with no trace of ordering, each solute atom is isolated 
from all other solute atoms and is completely surrounded by atoms of 
the solvent metal. 

In solid solutions in which the concentration of solute atoms is low, 
there is, then, no physical reason why ordering should occur, and 
actually it does not occur. However, as the concentration of solute 
atoms increases, the average distance between them diminishes and 
their repulsion for each other increases. This, plus their attraction for 
solvent atoms, finally creates a situation very much like that existing 
in an ionic crystal, in which order always appears in the arrangement 
of unlike ions. It seems, therefore, that ordering should be character¬ 
istic of any concentrated solid solution at any temperature, and there is 
evidence that this is true. But it b abo true that the electrostatic forces 
responsible for ordering are always relatively weak, even in alloys 
composed of elements as widely dissimilar as zinc and copper. The 
forces are still weaker in alloys composed of elements more nearly alike 
in chemical activity, and it is chiefly in such alloys that substitutional 
solubility b extensive enough so that ordering should occur. In general, 
therefore, the forces which produce ordering are so weak that they can 
be overcome by a temperature rise that b insufficient to weaken the 
metallic bond seriously; hence order within a solid solution b always 
dbrupted before melting occurs. 

5-25. Long-Range and Short-Range Order 

At very low temperatures the ordered condition b probably the 
stable one for any relatively concentrated metallic solid solution. Here 
it appears as long-range order, in which an ordered arrangement extends 
throughout each crystal of the alloy. As the temperature of an ordered 
alloy b rabed, thermal agitation causes temporary disruptions to appear 
in the ordered structure; the higher the temperature the more frequent 
and the more persistent are the disruptions. Finally, as heating is 
continued, a critical temperature b reached above which long-range 
order can no longer exbt. At temperatures higher than thb, order in 
the atomic arrangement b not completely destroyed; however, the 
order that remains b continuous only over dbtances which arc less 
than the dimensions of an entire crystal, and so thb b appropriately 
described as short-range order. In effect, the ordered structure of the 
crystal as a whole has been broken up into smaller blocks, or domains; 
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within each of these domains order persists, but adjacent domains are 
“out of step” with regard to the planes along which a given type of 
atom is concentrated. Ordering within each domain is far from perfect, 
and the boundaries of individual domains probably shift rather rapidly 
at high temperatures. Nevertheless, some degree of short-range order 
apparently persists up to the melting temperature of the alloy, although 
individual domains diminish rather rapidly in average size as the 
temperature rises above the critical point. At temperatures which 
closely approach melting, the ordered domains seem usually to be only 
a few unit cells in size; here short-range ordering is undetectable except 
by very special methods, and the alloy structure is usually considered to 
be completely disordered. 

During slow cooling of a substitutional solid solution, these changes 
are exactly reversed. Just after the alloy has frozen, its structure is 
unordered. As the solid alloy cools, detectable short-range order appears, 
and the individual ordered domains increase in average size. (However, 
in this temperature range the distribution of solute and solvent atoms 
remains at least statistically uniform on all planes throughout the 
crystal structure, and so the very existence of short-range order is 
commonly ignored.) Finally, at some fairly definite critical Umperature, 
or within some relatively narrow critical range of temperatures, individual 
domains attain the dimensions of the crystals in which they occur, and 
long-range order is established. Thermal disorder still appears locally 
within the ordered structure; but, as cooling continues below the 
critical temperature, such local disruptions occur less frequently and 
the substitutional solution approaches more nearly to the ideal of perfect 
ordering. 

Many quite concentrated solid solutions are completely unordered 
at atmospheric temperatures, or show short-range order only. For a 
number of these it has been demonstrated that long-range order does 
finally appear if the alloy is cooled to some critical temperature which is 
below atmospheric. It is reasonable to assume that this is a normal 
occurrence in all substitutional solid solutions in which the concentra¬ 
tion of solute atoms is high enough so that some interaction among 
them can be expected throughout the crysul structure. However, the 
appearance of long-range order involves a rather extensive rearranp- 
ment of atoms within the crystal, and this takes time. Unless coobng 
past the critical temperature is quite slow, some undercooUng is ve^ 
likely to occur, and a disordered structure is likely to be retained to 
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abnormally low temperatures.^^ Particularly when the critical tempera¬ 
ture itself is low, atomic mobility may be so limited that the unstable, 
random arrangement of atoms persists indefinitely. However, later 
reheating of the alloy to some temperature just below the critical will 
always encourage the tendency of the undercooled alloy to assume 
the lower-energy condition in which its structure shows long-range 
ordering. 

^—26* Imperfectly Ordered Solid Solutions 

Although long-range ordering is normal in concentrated solid 
solutions at temperatures which are low relative to their melting points, 
perfect order is very rare. Quite aside from temporary thermal dis¬ 
ordering of the structure, imperfecdy ordered solid solutions result 
whenever the ratio of solute to solvent atoms does not coincide exactly 
with that required to produce perfect order in the crystal structure of 
the alloy in question. 

In the body-centered cubic crystal structure of ^-brass, for example, 
perfect ordering can occur only if the alloy composition is exactly 
50 atomic percent each of copper and zinc. Thus, if the copper content 
were higher than 50 atomic percent, the copper atoms would occupy not 
only the comers of the unit cells, but also some of the cube centers. 
No single plane through the crystal structure could be expected to 
contain zinc atoms exclusively, and perfect ordering throughout any 
given crystal would be impossible. When it first attains long-range 
order, /5'-brass can contain as much as 55 atomic percent of copper, 
indicating the possibility of a rather high degree of compositional 
disorder.25 

The precise composition at which perfect ordering can occur in a 
solid solution is determined by its crystal structure. In other body- 
centered cubic alloys, as in /3-brass, perfect ordering is possible only 
when the composition is exaedy 50 atomic percent of each element, so 
that one type of atom can occupy all the cube comers and the other all 
the cube centers. In face-centered cubic solid solutions, perfect ordering 
occurs only at a composition of 75 atomic percent of one element, 
25 atomic percent of the other; this 3-to-l rado in number of atoms 

M ^brass is one of the rare substituUonal aUoys in which orxiering occurs so rapidly that 
It cannot be suppressed completely even by very rapid cooling from above iu critical tern- 
perat^ In thu respect ^braas is not typical of alloys in which ordering is noted. 

«Oddly enough, the limit of solubility of ainc in ^-brass is just below 50 atomic percent. 
lUerefore excess copper, above that required for perfect ordering, is always present in it. 
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permits the element present in higher concentration to occupy all 
the face-centered positions in cubic unit cells, and the other element 
all the cube comers. More complicated arrangements than this occa¬ 
sionally appear in alloys whose crystal structures are more complex, 
but ordering is common only in solid solutions with relatively 
simple crystal structure. When ordering does occur, it appears usually 
as the simplest systematic arrangement of unlike atoms which can 
exist in the solvent structure, and so at a composition representing 
some ver>' simple ratio of atomic percent solvent to atomic percent 
solute. 

Ordered Solid Solutions vs. Compounds 

Because the perfectly ordered solid solution in any given alloy scries 
appears at a simple, definite ratio of solvent to solute atoms, its composi¬ 
tion can be expressed by a simple chemical formula. Therefore it is 
frequently assumed that the ordered solid solution is, in fact, an inter- 
metallic compound. This is unfortunate, since the distinction between an 
ordered solid solution and a compound is hsually specific, and occasion¬ 
ally it is important in predicting or rationalizing the properties of 
metallic alloys. 

jff'-brass, for example, if perfectly ordered, would have a 1-to-l ratio 
of copper and zinc atoms; therefore it is often stated to be a compound 
whose formula is CuZn. Since it has the cesium-chloride structure and 
since a simple stoichiometric ratio exists between its two components, 
this seems a reasonable conclusion. On the other hand, ^'-brass is 
produced by cooling ^-brass, and there is no question but that /3-brass 
itself is a simple, unordered, substitutional solid solution. This is demon¬ 
strated both by X-ray analysis of its structure and by the fact that, 
unlike a true compound, it freezes not at a constant temperature but 
over a range of temperatures. As /3-brass cools, ordered domains appear 
within it and grow with falling temperature. At the critical temperature, 
long-range order and the /3' structure appear, simply because the 
ordered domains have then attained the size of the crystals present. 
There is, then, no sharp transition from a /3 to a form; ^'-brass 
is actually the end result of a progressive rearrangement of atoms 
within the /3, this occurring over a rather wide range of tempera¬ 
tures. It seems necessary to conclude that ^brass and ^'-brass do not 
represent different types of crystals or different crystal structures, but 
different degrees of order within the same crystal structure. If ^-brass 
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is a solid solution—and it is—then /3'-brass must also be a solid solu- 
tion.2^ 

The most obvious difference between a true compound such as 
CsCl and an ordered solid solution such as ^'-brass is in their behavior 
during heating. When sufficiently heated, a compound always melts 
or decomposes completely at a constant temperature; an ordered solid 
solution becomes disordered before it melts, then melts over a range of 
temperatures. This difference in thermal behavior is usually enough to 
make possible a definite decision as to whether a given alloy is an 
intermetallic compound or rather an ordered solid solution. Thus, an 
alloy containing 50 atomic percent of gold and 50 atomic percent of 
zinc is known to maintain long-range order (in a CsCl-type structure) 
up to 1335* F., where it melts at a constant temperature. AuZn is, 
then, a true intermetallic compound, whereas—by the same criteria— 
fi'-brass (CuZn) very definitely is not. 

Unfortunately, a number of cases arc known in which distinction 
between an ordered solid solution and a compound is less simple than 
this. Such cases ordinarily involve precipitation of a new type of crystal 
from a preexisting solid solution. They arc considered, together with 
several other solid-state reactions, in Chapter 6 of Alloj> Series in 
Physical Metallurgy. 


5—38. Order in Interstitial Solid Solutions 

The above dbcussions of ordering in solid solutions have been con¬ 
fined to alloys of the substitutional type simply because interstitial 
solid solutions arc always ordered. The interstices of the solvent 
structure are necessarily as orderly in their arrangement as the solvent 

atoms themselves are, and so, of course, arc the solute atoms which 
occupy these interstices. 

In the sense that ordering is perfect only when an atom of the proper 
type is present in every available lattice position throughout the crystal 
structure, perfect order would appear in an interstitial alloy only when 


by the pha« mle diicu««l in Chapter 1 of 
AUa;SmestnPk)>s,^MtlaUurgj>. If^brasswcre a soiid solution and /T-brass an intermetallic 
^und thence would be a phase change closdy akin to a 

transformauon. Howera, ^hrass changes to /T-brass over a range of temperatura^d^th 
M^temauc change m compoulion of either the /J or the p’. Further, STchange can U 
^e to o^ m su^ a way that the fi structure grades insensibly into their with no 

^ ^ inconsistent with the de^tion of™ 

phaie dunge. Thercforei ^-brass and ^'-braaj definitely are not different ohajcs bat 
tame phMMC, and that phase b evidently a tuhsdtudonal solid solution. ^ 
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all of the available interstices had been filled by solute atoms. This is at 
least as rare in interstitial solid solutions as perfect order is in substitu¬ 
tional solid solutions. In fact, the existence and nature of interstitial 
compounds suggest that perfect ordering can occur only by crystallo¬ 
graphic distortion so drastic and so systematic that, when all the 
available interstices have been filled, the solvent structure has been 
destroyed and a compound created instead of a simple solid solution. 



CHAPTER 6 


Electrical and Magnetic Properties of Metals 


Electrical and magnetic applications consume surprisingly large 
annual tonnages of many common metals and alloys. Specifications 
governing the composition and the physical condition of metallic 
materials for such service are usually stringent, and are frequently quite 
different from the specifications which cover similar materials intended 
for structural or machinery use. An introductory discussion of electrical 
and magnetic properties of metals, and of some of the major factors that 
influence them, is therefore appropriate here. 

6-t. Electrical Conduction 

It is now well known that an electrical current is actually a directed 
flow of electrons, which accomplishes continuous transfer of negative 
electrostatic charges through some medium called an electrical conductor. 

From the fact that most efficient electrical conductors are metallic, 
it might be assumed that current flow represents simply the migration 
of an electron cloud through a metallic crystal structure. Basically this 
view is correct, but it is very much oversimplified. There are, for 
example, a number of well-known crystalline substances which are 
formed by ionic or by covalent bonding and are reasonably good 
conductors, and even the poorest of conductors (an insulator) will 
“break down” and pass on electrical current if the voltage across it 
becomes sufficiently high. Further, the metals themselves vary widely 
in conductivity; a temperature rise usually improves the conductivity 
of a poor conductor but reduces it for a good one. 

To reconcile these and many other unusual facts of electrical con¬ 
ductance, a rather elaborate theory is needed. 

6-2. The Electron Glond in Conductors 

In even an elementary discussion of electrical conduction, it is 
first of all necessary to modify several previous statements to the effect 

that an electron cloud exists only in a crystal formed by metallic 
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bonding. Actually it is present in any crystal, although in ionic- and 
valence-type crystals the electron cloud is so rarefied that for most 
purposes its presence can safely be ignored. 

It is immediately evident that any electron which is confined to a 
definite orbit around one or a specific pair of atoms is not free to move 
through a crystal structure, and so cannot participate in a current 
flow. Only electrons in the electron cloud occupy energy levels which 
are continuous throughout the structure, and only these have the 
freedom required to move over appreciable distances in response to an 
external electrical field. In the absence of an electron cloud, current 
flow could not occur. 

Within an ionic- or valence-type crystal, each internal electron is 
confined to the location of its parent atom, and each valence electron 
spends most of its time in the immediate vicinity of one or a particular 
pair of atoms. Occasionally, however, there occurs an exchange of 
valence electrons between adjacent ions or adjacent bonded pairs of 
atoms. This requires only an instant of time. But it occurs often enough 
so that at all times there is present within every crystal a rarefied cloud 
of electrons which are in the process of exchange and are momentarily 
free from their parent atoms. Except in metallic crystals, the average 
number and the degree of independence of these free electrons are so 
small that in general the electron cloud can safely be neglected—as it 
has been in earlier discussions and will be in future ones. In rationalizing 
electrical conductance, however, the presence of an electron cloud 
must be recognized in crystalline solids of every type. 

6-3. The Necessity for Excitation 

Electrons are never stationary, whether they exist in an electron 
cloud or elsewhere. However, when they exist within the electrostatic 
field of an atom or crystal, they are confined in their movement to 
more or less definite orbits. To all such orbits PauU’s principle appUcs; 
a single electronic orbit cannot contain more than two electrons at the 

same time. 

In the absence of an external electrical field there is no current flow 
through a crystal, indicating that, in spite of their rapid indiyidu^ 
motions, there is no systematic migration of free electrons within it. Un 
the average, then, for every electron moving through a crystal m one 
direction there must also be presept in the same crystal and at *e same 
instant some other electron which is moving m the opposite direcbon 
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with equal velocity (i.e., at the same level of energy). This situation may 
be visualized most simply as foUows: the two electrons present in each 
fiill electronic orbit move constantly in opposite directions at equal 
velocities—as they would, for example, if they remained at opposite 
ends of the same diameter while traversing a circular orbit. So long as 
both electrons remain in the same orbit they maintain this same motion 
relative to each other, and this is true even after an external electrical 
field has been imposed upon the crystal in which they exist. 

When a potential difference is established across a crystal, certain 
electrons within it arc accelerated in the direction of the external field. 
However, if these electrons exist in full electronic orbits, acceleration of 
any one of them in the direction of the field is necessarily accompanied 
by equal but opposite acceleration of some other electron in the same 
orbit. Net current flow, then, is zero. An unbalanced transfer of 
electrons can occur only through directed acceleration of free valence 
electrons each of which exists alone in its own orbit. 

In any crystal whose electron cloud happens to contain an uneven 
number of electrons, there is a single odd electron which occupies some 
particular orbit alone. However, the migration of one electron at a time 
through the crystal cannot produce a detectable current flow. The 
initial condition prerequisite for observable electrical conduction is the 
simultaneous existence within the crystal of a large number of con¬ 
tinuous electronic orbits each of which contains only one electron. 
From the discussion in Chapters 1 and 3 it is evident that this represents 
an abnormally high-energy situation for the crystal. It can be produced 
only by supplying to the crystal enough energy to excite a reasonably 
large proportion of its free electrons from the full, low-energy orbits 
they ordinarily occupy to other orbits of higher energy which would 
ordinarily be empty. For each electron thus excited there is left behind 
another orbit containing a single electron, and so two electrons are 
made available to participate in the current flow although only one is 
actually excited. 

6-4. Electrical Gondnetors 

From the discussions in earlier chapters it will be remembered that 
an electron cloud occupies an energy band which contains a large number 
of energy levels differing only a little in energy. These energy levels 
exist and contain possible electronic orbits even when they do not 
actually contain electrons. 
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In general the electrons present in the electron cloud of any given 
crystal tend to remain in the lowest-energy orbits available to them, 
and to leave unoccupied the higher-energy levels of the energy band 
containing free valence electrons. Under certain conditions, however, 
energy provided by an external electrical or magnetic field, as heat, or 
even as visible light, may excite some of these electrons to unoccupied 
orbits of higher energy than those they normally occupy. The smaller 
the energy difference between occupied and unoccupied orbits, the 
more readily such excitation occurs. 

In crystals of copper, aluminum, silver, gold, and the alkali metals,^ 
the total number of valence electrons present in a given crystal is 
never great enough to fill to capacity all possible energy levels in the 
energy band containing the electron cloud. The normal energy condi- 
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Fig. 6-1. Energy Spectrum of a Good 
Electrical Conductor. 


tion of free electrons in such a 
crystal may be represented by 
Fig. 6-1, which illustrates the 
spectrum of energy levels existing 
in the valence energy band. Low- 
energy levels, near the bottom of 
the band, are completely filled 
by electrons, but immediately ad¬ 
jacent to the occupied levels are 


a great many unoccupied ones of only slightly higher energy. The 
transition of individual electrons from orbits within occupied levels 


to new orbits which were previously unoccupied requires only a very 
small increment of energy. Application of even a weak electrical field 
to a crystal in which this energy relation exists will excite a large 
number of electrons to higher-energy orbits, and so will establish the 
initial condition necessary for electrical conduction. Such materials are 
therefore excellent conductors, since a low external voltage excites 
a great many free electrons and results in a relatively large current 


T? . * l_ 1 

In crystals of arsenic, antimony,^ bismuth, the alkaline earths, 
graphite, and many aUoys, two adjacent energy bands overlap in the 
vicinity of the highest-cnergy levels normally occupied by the electron 


1 A. H. Cottrell, Theoretical Structural Metallurgy, New York, Longmans, Green and 


Company, Inc., 1948. 

2 F. Scit 2 , The Physics of Metals, New York, 

3 A. H. CottreU, op. cit. 


McGraw-Hill Book Company, Inc., 1942. 
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cloud. Again this provides a multitude of adjacent unoccupied levels 
into which individual free electrons can be excited, and so these matenals 
too are good electrical conductors. However, it n generally tme that a 
greater increment of energy is required to excite electrons from one 
energy band to another (even when the two overlap) than to excite 
electrons from a lower to a higher level within the same energy band. 
In the region of overlapping, individual levels are relatively far apart m 
energy. Therefore, in arsenic, antimony, bismuth, etc., a given external 
voltage excites fewer electrons than it docs in copper, aluminum, silver, 
etc., and so the current flow is less. In general, the materiab in which a 
continuous spectrum of fiUed and unfilled valence energy levels results 
from overlapping of energy bands are reasonably good conductors, 
but are not nearly so good in this respect as the metals in which a similar 
condition exists within a single energy band. 

6-5. Electrical Insulators 

Many substances are known in which the energy band containing 
the electron cloud is completely filled by free electrons, and the next 
higher band of possible energy 
levels is separated from the filled 
one by a definite energy gap. 

Such a situation is illustrated 
schematically in Fig. 6-2; here 
the energy gap represents a region 
of energies forbidden to electrons 
as a result of interference effects 
within the crystal. Quartz, mica, 
diamond, and many other nonmetallic substances have electronic energy 
spectra of this type, in which the gap between filled and empty energy 
levels is quite broad. Application of electrical fields of normal intensity 
does not supply enough energy to excite a significant number of elec¬ 
trons across the gap, and so does not produce a detectable flow of 
current. These materials are therefore said to be nonconductors or 
electrical insulators. However, if a sufficiently intense external field is 
provided, electrons will be excited across the gap, the insulator will 
break down, and a current flow through it will be established. The 
broader the energy gap the higher the voltage required to make 
this occur, and the greater the insulating value of the material in 
question. 
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Fic. 6-2. Energy Spectrum of a Good 
Electrical Insulator. 
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6 -6. Semicondactors 

Part or all of the energy required to excite free electrons across an 
energy gap may be supplied as heat which, if it is absorbed by the 
electrons at all, must necessarily raise them to a higher level of energy. 
In silicon, germanium, tellurium,^ and a number of other materiab, the 
gap between occupied and unoccupied energy levels is so narrow that 
electrons can be excited across it by heat alone. Such semiconductors of 
electricity are insulators (although not very good ones) at atmospheric 
temperatures, but become conductors when they are sufficiently heated. 
At still higher temperatures, up to the melting point, the conductivity 
of a semiconductor increases continuously with temperature, since any 
increase in thermal energy excites additional electrons across the 
energy gap. 

The broader the gap between occupied and unoccupied energy 
levels, the higher the temperature required to excite electrons across it 
in sufficient numbers to make possible a detectable current flow in 
response to any ordinary applied voltage. In a good electrical insulator 
the energy gap is so broad that thermal excitation does not occur at any 
temperature below the melting point. Even in the best of insulators, 
however, the external voltage required to initiate current flow is 
continuously reduced as the temperature rises, and the insulating value 
of any material is relatively low near its melting point. 

6 -7* Photoconductors 

In some photoconductors, such as selenium, zinc sulfide, and silver 
chloride, absorption of certain wave lengths of visible or ultraviolet 
light can produce an excitation similar to that which results from heating 
a semiconductor. When exposed to a beam of light, these materials will 
support an appreciable current flow at voltages lower than those which 
would normally be required to break down their insulating properties. 
This type of behavior has been used to advantage in a wide variety of 
photoelectric devices. 

6 -8. The Band Theory in General 

The band theory of electrical conduction outlined above supplies a 
coordinated and physically acceptable explanation of the electrical 
behavior of both conductors and insulators, and of variations in the 

4 F. Seitz, “The Contribution of Modem Physics to MetaUurgy,” 7- of Appl. Fh^fs., 
November, 1948, pp. 973-987, 
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dectrical properties of both. With regard to comisten^ between this 
td^«ceding chapters, it b unfortunate that the band theon^ spec.fi- 
caUv’^umes^the exbtence of an electron cloud m all cryst^, whether 
ionic, valence, or metallic. It does not, however, /^a'm every 

crystal the energy band containing the electron c oud be a broad 

sMCtrum of possible energy leveU, or that it be 
eketrons, or that it contain vacant energy levek readily 

occupancy by excited valence electrons. In ^ 

cryst^ the energy band containing the electron cloud has none of these 


characteristics. . ... 

The relative energies and the degree of occupancy of possible energy 

levels within any crystal arc determined jointly by the charactensua of 
the atoms composing the crystal and by the nature of their interactions 
as they form bonds and create continuous energy bands. It is not sur¬ 
prising that different metals and alloys should differ widely m electrical 
properties even when they form similar crystal structures, or that the 
same material in different polymorphic forms should show similar 
variations in properties. A major reason for accepting the band theory 
is that it allows a clear-cut explanation of these variations, as well as of 
the behavior of semiconductors, photoconductors, etc. Older theories 
did not, nor were they capable of explaining the high observed resis¬ 
tivities of quartz, diamond, and other good insulators. As a result, the 
band theory of electrical conductance is now universally accepted. 


6-9« Electrical Resistance 

When a sufficient voltage has been applied to an electrical conductor 
to excite a reasonably large number of valence electrons into continuous 
orbits which were previously vacant, the initial requirement for electrical 
conduction has been met. Thereafter, for as long as the voltage is 
maintained, a detectable current will flow. If both voltage and the 
temperature of the conductor are held constant, the rate of current 
flow will also be constant; this, however, requires continuous removal of 
heat from the conductor. If the external electrical field is itself removed, 
the current flow will cease almost immediately. 

In a simple demonstration of this type there is positive evidence that 
any conductor offers a definite resistance to passage of free electrons 
through it, even after they have been excited and made available for 
current flow. If this were not true, then current would continue to 
flow indefinitely in a closed electrical circuit after the external field had 
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been removed, there would be no physical source of the continuous 
heating effect always produced by the current, and maintenance of 
constant voltage would continuously accelerate excited free electrons 
and so would cause a continuous increase in the rate of current flow. 

In the older theories the inherent resistivities of electrical conductors 
were explained by assuming that, in their passage through a conducting 
crystal, the electrons constituting an electrical current occasionally 
collided with the atoms composing the crystal structure. In doing so, 
the electrons lost the extra kinetic energy which their acceleration 
through the electrical field had given them, and this energy appeared as 
increased vibrational energy of the atoms in the crystal structure—i.e., 
as heat. Essentially the same explanation is still accepted. However, 
it is now modified by assuming that the collision involved is not a 
physical impact, but rather represents a scattering of the wave motion 
associated with each electron by the electrical field which surrounds 
each atom. 

According to the wave theory, a free electron cannot exist at all in a 
conductor unless the wave length of its associated wave motion is 
appropriate to the spacing of the atoms in the crystal structure of which 
it is a part. Further, if the spacing of these atoms were perfectly periodic, 
their electrical fields would not scatter such an electronic wave motion 
at all. In other words, a perfect crystal in which every atom is at rest 
should offer no resistance to passage of the electronic wave motion 
through it, and so should present no resistance to the flow of an electrical 
current. While perfect crystals are unknown and thermal agitation of 
atoms cannot be completely suppressed, this situation is in fact 
approached by rigorously purified, stress-free crystals of lead, tin, 
uranium, aluminum, cadmium, mercury, magnesium, zinc, zirconium, 
and several other metals when they have been cooled to near the 
absolute zero of temperature. Here their electrical resistivities are 
almost zero, and they display the phenomenon of superconductivity. 
Tremendous electrical currents are produced in them by relatively 
small applied voltages; and once a current flow has been established in 
a closed electrical circuit, it will continue for hours after the external 

field has been removed. . . u i 

Electrical resistivity then, is a result of imperfections in the cr^tal 

structure of the conductor. Anything which disturbs the perfect 
periodicity of the electrical field within a conducting crystal results m a 
scattering of electronic waves as they pass through it, and so creates 
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electrical resistance. Thus, thermal agitation disturbs the symmetrical 
pattern of the atoms composing a crystal and creates within it a 
fluctuating electrical field which scatters the electronic wave motion. 
The higher the temperature of a conductor, the greater is its inherent 
resistivity.5 At the melting point, resistivity increases markedly, since 
here periodicity of the electrical field is almost completely destroyed.^ 
Grain boundaries, elastic distortion, the presence of misfit foreign 
atoms in the structure, etc., all increase the resistivity of a conductor at 
any temperature, including absolute zero. For electrical conductivity 
purposes, therefore, stress-free crystals of the highest attainable purity 
and the coarsest possible grain size are generally preferred. 

Because the periodic electrical field of a crystal is disrupted in the 
vicinity of each solute atom, solid solutions are notoriously poor electrical 
conductors. In a perfectly ordered solid solution, however, a periodic 
field again appears throughout the structure, and a marked reduction in 
electrical resistivity accompanies the ordering process. Conductivity of 
even a perfectly ordered solid solution seems ordinarily to be well below 
that of a pure metal, but is still often high enough to be of industrial 
usefulness. Where the relatively high strength and wear resistance of a 
solid solution can be used to advantage, ordered solid solutions show 
real promise for a multitude of electrical applications. 

In the case of semiconductors, introduction of foreign atoms usually 
improves electrical conductivity instead of reducing it. Apparently the 
presence of the solute atoms introduces into the energy spectrum of the 
crystal new energy levels which partially bridge the gap between 
occupied and unoccupied energy bands. Pure CU 2 O, for example, is a 
very poor electrical conductor; when it is prepared in such a way that 
it contains a slight excess of oxygen its conductivity is distinctly im¬ 
proved, and the higher its oxygen content the greater is its conductivity 
Germanium, silicon, and tellurium arc similarly affected and can be 
adjusted precisely over a wide range of conductivities by the addition 

5 This is true even of semiconducton. However, in spite of increased resistance to the 
passage of electrons through them, thermal excitation of a greater number of electrons in this 
case resulu in an increased rate of current flow at the higher temperature. 

6 In this respect antimony, bismuth, and gallium are exceptional. All contract in volume 
during melting, which is also unusual, and all have lower resutivity as liquids than as solids. 
Here destruction of the crystal structure by melting apparently eliminates certain energy 
gaps which previously made excitation of free electrons difficult. In spite of greater inherent 
resistance to their passage through the liquid, excitation of a larger number of electrons by 
the same external voltage results in increased current flow. 

’ F. Seitz, “TTie Contribution of Modem Physics to Mctallurjrv.” 7 of Abbl Pint 
November, 1948, pp. 973-987. ^ ^ ’ 
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of certain alloying elements in fractional percentages.* A similar effect 
is common in electrical insulators; these must always be rigorously 
purified to prevent electrical breakdown at relatively low voltages. 
The common metals, however, are inherently good conductors. Their 
electron clouds occur in energy bands which are continuous, so that 
dissolved atoms of impurities or alloying elements find no energy gaps 
to bridge. Here the introduction of foreign atoms does not facilitate 
excitation of electrons, but simply increases inherent resistance to their 
passage through the crystal. 


6-10. Magnetism 

Because any moving electrical charge generates a magnetic field, the 
spin of an electron constantly maintains around it a tiny magnetic 
field which moves with the electron in its orbit within the atom or its 
passage through the continuous energy levels of a conducting crystal. 
Since all substances contain moving electrons, all have definite magnetic 
properties and all are affected by external magnetic fields. They differ, 
however, in the nature and intensity of their response to the external 
fields, and so are described according to their magnetic response as 
diamagnetic, paramagnetic, or ferromagnetic. 


6 -11. Diamagnetism 

The magnetic field associated with a spinning electron is a direc¬ 
tional one whose action is along the axis of the electron’s spm. In 


accordance with Pauli’s principle, a full electronic orbit contains two 
electrons whose spins are necessarily opposite to each other. In a full 
orbit, then, the magnetic fields of the two electrons present arc exactly 
opposed and, having equal intensity, they neutralize each other. The 
only significant external result of this mutual magnetic canccllauon 
appears when an external magnetic field is imposed upon the system. 
An approaching external pole tends to alter the orbital motion of the 
electron pair by attracting one electron and repeUing the oAer, 
according to the orientation of their individual ma^etic fields. 1 Im 
creates an abnormally high-energy condition within the clcctromc 
orbit, which can be eliminated only by removing the electron pair from 
the vicinity of the external field. Repulsion of the substance contaiiung 

S With an aUoy addition of as Utdc as 0.1%, 
applications, including the electronic systems of guided rmssUes. 
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the electron pair from any external magnetic pole is therefore a normal 
and measurable effect, called diamagnetism. Diamagnetism appears also 
as the reverse effect—dispersion of the magnetic lines of force composing 
the external field when they encounter a substance containing one or 
more full electronic orbits. 

Except for atomic hydrogen and a few very unusual gaseous ions, 
every substance includes in its structure at least one or a few filled 
electronic orbits. In the rare case of an atomic nucleus completely 
stripped of orbital electrons, a slight but measurable repulsion for the 
external magnetic pole is developed by the nucleus itself. Diamagnetism, 
therefore, is universal. 

Since most of the filled orbits chiefly responsible for diamagnetism 
are within the structure of individual atoms where they are unaffected 
by a temperature rise, the intensity of diamagnetism is litde affected by 
temperature changes.® It is, however, a direct function of the number of 
filled orbits present, and so of the atomic numbers of the atoms or ions 
involved. 


6-12. Paramagnetism 

In any material in which unoccupied electronic energy levels are 
immediately adjacent to occupied ones, imposition of an external 
magnetic field may excite certain individual electrons from filled 
orbits into unfilled ones of slightly higher energy. This is exactly analo> 
gous to the excitation of free electrons by an external electrical field, 
and it affects the same group of electrons—those occupying the highest- 
cnergy filled levels in the energy band containing the electron cloud. 
However, magnetic excitation is accompanied by a second effect, 
called a spin transition. Any electron which exists alone in its orbit and 
whose original spin is such that it is repelled by an approaching external 
pole will promptly revene its spin so that it is attracted to that pole. 
The alignment of electron spins which results from excitation of indi¬ 
vidual electrons and the accompanying spin transition of electrons 
existing alone in their orbits creates an induced magnetic field that is 
attracted to the external pole; This attraction is caUed paramagnetism -. 
It is a force which directly opposes the diamagnetism of all ordi¬ 
nary substances. Paramagnetism also appears as the reverse effect_ 

* Minor change in diamagnetic maceptihility are, however, frequenUy noted during 
melting vapor^Uon. polymorphic iransfonnatioo, and polymeriaation. E^n the intcinij 
energy levels of an atom are not totally unaffected by its environment. 
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concentration of the lines of force composing the external field when 
they approach a substance in which magnetic excitation can occur. 

In good electrical insulators the energy gap between filled and 
vacant energy levels is so broad that electrons can be excited across it 
in significant numbers only by very high voltages or by very intense 
magnetic fields. At ordinary field strengths, detectable paramagnetism 
is not developed, and normal diamagnetism remains unopposed. As a 
result, good insulators are in general quite strongly diamagnetic. This is 
true, for example, of quartz, diamond, the micas, glass, and most 
ordinary ionic and covalent compounds. 

When it appears at all, paramagnetism represents a relatively weak 
magnetic attraction. Even what is considered a very intense magnetic 
field cannot provide the increment of energy necessary to excite 
electrons from the lower-energy orbits of the filled energy band, and so 
magnetic excitation and the spin transition occur for only a relatively 
small number of electrons in the higher-energy occupied orbits. The 
induced magnetic pole is correspondingly weak. Frequently its attrac¬ 
tion for the external pole is not equal to the repulsion simultaneously 
developed by filled electronic orbits in which excitation has not occurred. 
When this is the case, the material is still diamagnetic—i.e., repelled 
from the external pole—although it is less strongly so than is a good 
insulator, in which diamagnetism remains entirely unopposed. Copper, 
zinc, silver, and gold are weakly diamagnetic for this reason. Antimony 
and bismuth are more strongly diamagnetic, and so, probably, are the 
other metals which are relatively poor electrical conductors. 


On the other hand, in many good electrical conductors vacant 
energy levels are so closely adjacent to filled ones that moderately 
strong paramagnetism is developed by an external magnetic field of 
normal intensity. Although the resulting attraction for an external field 
is partially canceled by the diamagnetism simultaneously developed, a 
net attraction remains, and the material is said to be paramagnetic. This is 
the case with all the elements in Groups IA and IIA in the periodic table, 
most of the transition elements, many salts of iron and other transition 


metals, and gaseous oxygen and nitric oxide. These, of course, vary 
rather widely in their individual paramagnetic susceptibilities. 

Paramagnetism itself is never a strong force, and it is always further 
weakened by the direct opposition of diamagnetism. Therefore even 
the most strongly paramagnetic substances arc attracted only rather 
weakly to an external pole. Thermal agitation has little effect upon the 
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alignment of the free electrons responsible for paramagnetism, and so 
paramagnetic susceptibility is usually almost independent of temperature. 

Since magnetic excitation and the spin transition are reversible 
processes, removal of the external pole which induced paramagnetism 
allows the immediate return of the excited electrons to their original 
energy states. Paramagnetism therefore disappears as soon as the 
external field is removed, and paramagnetic substances are incapable 
of becoming permanent magnets. 


6-13. Ferromagnetism 

Among the pure elements there are four—iron, nickel, cobalt, and 
gadolinium—which are far more strongly attracted to an external 
magnetic pole than are any others, and which are capable of becoming 
permanently magnetized. Because iron is the best known of these 
elements, they are described as ferromagnetic (from the Latin ferrumy for 
iron), and their typical magnetic behavior is called ferromagrutism. 

All four of the ferromagnetic elements appear in transition series in 
the periodic table, and ’ in their internal atomic structures contain 
certain electronic energy levels which are not completely filled by 
electrons. Their normal energy condition is such that within these 
levels there are a few electronic orbits which are occupied by single 
electrons rather than by oppositely spinning pairs. As a result, and with 
no necessity for excitation by an external field, each atom of a ferro¬ 
magnetic metal has an unbalanced magnetic field, and in its normal 
condition corresponds in magnetic response to a paramagnetic atom in 
the excited condition. 


The magnetic field associated with any given electron existing alone 
in an inner orbit of the atom interacts with the magnetic fields of any 
other electrons similarly isolated within the same atom, to align the 
spins of all of them. As a result, each atom of a ferromagnetic clement 
has a relatively intense magnetic polarity and is actually a tiny perma¬ 
nent magnet. Interaction of adjacent atoms tends to align their magnetic 
fields and so to create permanent magnetic domains each consisting of 
a large number of atoms.io The magnetic ordering which results is 


0 The nugn^ iiiler«tiom of adjacent atoms are also controlled in part by what are 
<^ed which are probably much more intense than the magnetic forocs 

themself. Unfortunatdy, exchange foroes are undentandable only in ihTrLthcmatical 
f quotum mec^cs. Smee their consideration wUl add UtUe but confusion to an 

deS^^TT^" of ferromagnetism, they are entirely ignored here. However, in more 
detaUed and exact discussions they become so important that they cannot be ignored. 
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analogous to the ordering of substitutional solid solutions, particularly 
in its susceptibility to thermal disordering. 

At atmospheric temperatures, the usual condition of a ferromag¬ 
netic metal is one of short-range magnetic order. Interaction of adjacent 
atoms induces an alignment of their magnetic fields along certain 
crystallographic directions, but the alignment is continuous only within 
microscopically small magnetic domains of the order of 0.001 inch in 
each dimension. Adjacent domains within the same crystal are randomly 
oriented, so that over any extended distance their differently oriented 
magnetic fields serve to neutralize each other completely. As a result, 
although each domain is actually a small permanent magnet, the 
magnetic nature of the metal as a whole is not immediately apparent. 
It can be demonstrated by sprinkling a very fine ferromagnetic powder 
on the surface of the metal and then observing it under a microscope. 
The boundaries of each magnetic domain will be outlined by th^ 
collection of the powder there. 

When a magnetic pole approaches a ferromagnetic metal, the 
electrons which occupy transition orbits alone and which happen to 
be spinning so that they are repelled from the external pole will undergo 
a spin transition such that they are attracted to it. The domains within 
which the magnetic alignment happens to attract the approaching 
pole are stable, and grow at the expense of their less favorably oriented 
neighbors. When the external field is reasonably intense, whole domains 
within the metal may “snap over” into alignment with it as units. 
By a process of magnetic ordering, then, an unbalanced magnetic field 
is induced throughout the metal. If the external field is sufficiently 
strong, long-range magnetic order will be established within each 
crystal, and the magnetic fields of all crystals present wUl beromc 
parallel. At this point saturation magnetization will have been attained, 
and there is no means by which the field strength of the magnetized 
metal can be further increased. The polarity of the magnetized metal 
will, of course, be such that the metal is strongly attracted to the extemd 
pole which induced its magnetization, and this polity will remain 
after the external field has been removed. Thus, a permanent magnet 

will have been created. . 

All ferromagnetic metals are also paramagnetic. The approach ol 

an external pole causes exciution and the spin transition m free electrons 
of the electron cloud, which induces a paramagnetic attraction that 
reinforces ferromagnetism. However, when the external pole is removed. 
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paramagnetism disappears, and only ferromagnetism remains as 
permanent magnetization of the metal. 

Because magnetization of a ferromagnetic metal involves an ordering 
process in the alignment of electron spins within adjacent atoms, it 
might be expected that thermal agitation of the atoms would interfere 
with magnetization. It does, as is demonstrated by several different 
effects. The intensity of the magnetic field induced within a ferromag¬ 
netic material by a reasonably strong external field is diminished rapidly 
as the temperature increases. At the Curie temperature —which is actually 
a narrow range of temperatures, different for each different metal or 
alloy—long-range magnetic ordering becomes impossible, and ferro¬ 
magnetism disappears. Above the Curie temperature, ferromagnetic 
elements are simply paramagnetic; they are only weakly attracted by 
an external field and they are incapable of becoming permanent 
magnets. The analogy between the Curie temperature and the criticsd • 
temperature of an order-disorder transition in a solid solution is both 
obvious and appropriate. 

Even at atmospheric temperatures, thermal agitation causes the 
residual magnetization of a permanent magnet to diminish with time. 
The rate of decay varies widely with the composition of the material 
in question and its condition of internal stress. In general, the existence 
of crystallographic imperfections of any type creates a sort of frictional 
effect which makes magnetization more difficult, but also reduces the 
rate at which residual magnetism is lost. 

6-14. M^netic Applications 

Magnetic materials which have industrial usefulness fall into two 
major groups: permeable materials, and permanent-magnet materials. 

Permeable or magnetically soft materials have high magnetic permea¬ 
bility and are e^ both to magnetize and to demagnetize. A relatively 
weak external field produces a high degree of magnetization, and there 
is Uttle hysteresis (or lag) between changes in the external field and 
changes in the degree of magnetization. Little energy is required to 
eliminate residual magnetization when the external field is reversed. 
Permeable materials are therefore very desirable for transformer and 
relay cores, electromagnets, etc. A high value of saturation magnetiza¬ 
tion is always desirable in permeable materials but is frequently sacri- 

ficed to easy magnetization (i.e., high permeabiUty), particularly when 
held strengths are low. 
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PermanenUmagnet materials are magnetically hard. They are difficult 
to magnetize but retain their magnetism well after the magnetizing 
field has been removed. The coercive force necessary to demagnetize them 
is high, and so their residual magnetism is fairly stable against stray 
external magnetic fields, temperature fluctuations, shock and vibration, 
etc. They are used, of course, in permanent magnets, wherever a constant 
magnetic field must be maintained without continuous flow of a 
magnetizing current. Permanent magnets themselves are used in a 
tremendous variety of electrical equipment, controls, meters, communi¬ 
cations equipment, and even door closures. 

Saturation magnetization and the Curie temperature change rather 
slowly with the composition and physical condition of any given ferro¬ 
magnetic substance. However, permeability, hysteresis, and some other 
magnetic properties are very sensitive to minor changes in composition 
and in condition of internal stress. For example, the permeability of 
iron can be increased to 1000 times its original value by eliminating 
0.1 % of certain impurities, and an equal change in the reverse direction 
can be effected by permanently deforming the metal in a stretching or 
bending operation.^* 

It is estimated that several million tons of metal are produced 
annually for applications in which their magnetic properties are directly 
important.*^ Therefore, precise control of these properties through 
alloying, elimination of impurities, mechanical working, and heat 
treatment is a matter of direct economic importance. 

6-15. Magnetic Materials 

Only the metals and alloys which are ferromagnetic have a magnetic 
response intense enough so that they are interesting for most permea¬ 
bility and permanent-magnet applications. Among the pure element 
only iron, nickel, cobalt, and gadolinium are ferromagnetic. At least the 
first three of these are occasionally used industrially as pure metals. 
There are, however, a great many alloys and compounds based on thwe 
elements, and a few based on manganese, which are also fcrromagneUc. 
Some of these have magnetic properties that in certain 
superior even to those of the pure metak. Thus, for permea ty 
purposes, the most widely used materials are iron-sihcon aUoys, 

u R. M. Bozorth. Maputim, Bdl Telephone System Technical PublicaUons, Monograph 

0-1445. 

13 Ibid. 
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containing usuaUy 3% to 4% of silicon, but occasionaUy as much as 6 /o- 
Iron-nickcl aUoys have suU greater permeabilities, and-with or without 
the addition of chromium, molybdenum, or copper-arc used where 
high permcabiUty requirements justify their higher cost For permanent 
magnets, high-carbon steels containing chromium find wide apphea- 
tion. Alnico 5 {containing cobalt, nickel, aluminum, and copper) is 
outstandingly good, although it is relatively expensive. 

The development of ferromagnetism in any given material is con¬ 
tingent not only upon the existence in it of atoms having a permanently 
unbalanced magnetic field, but also upon interactions among these 
atoms to produce magnetic ordering. The intensity and the very nature 
of the forces of atomic interaction are critically dependent upon the 
spacing of the atoms in the crystal structure as well as upon their 
individual magnetic nature. This is spectacularly evident, for example, 
in the magnetic behavior of manganese. Manganese is adjacent to iron 
in a transition series in the periodic table but, when pure, is strongly 
paramagnetic rather than ferromagnetic. It becomes ferromagnetic, 
however, when the average interatomic distance within it is sufficiently 
expanded, as it is in certain compounds, and in the famous Hcusler 
alloys which contain only manganese, copper, and aluminum, none of 
which is ferromagnetic when pure. Chromium, properly alloyed, 
probably behaves much like manganese in this respect, and it is quite 
possible that other transition elements may do the same. 

The dependence of magnetic properties upon interatomic spacing 
is also evident in a high degree of magnetic anisotropy displayed by 
single crystals of the ferromagnetic metals and alloys. In pure a-iron, 
for example, a direction of easiest magnetization (i.e., of highest 
permeability) exists; it is parallel to the cube edge. In pure nickel a 
similar direction is parallel to the hexagonal axis. Advantage is taken 
of this magnetic anisotropy in the production of grain-oriented metals 
for permeability applications; this is described in connection with 
preferred orientation in Chapter 8. 


No attempt will be made here to discuss in detail the effects of 
alloying, mechanical working, and heat treatment upon the magnetic 
properties of ferromagnetic materials. These effects will occasionally be 
mentioned in the chapters which follow. In general they are explain¬ 
able on the basis of the effect of these treatments upon interatomic 
spacing. 



CHAPTER 7 


Deformation of Metals 


So far as their industrial usefulness is concerned, the most important 
properties of the metals are the ones grouped together as nuchanical 
propertieSy i.e., those involved in the response of a metal to external 
forces. Among the mechanical properties often considered and measured 
in evaluating a' given metal for a specific application are yield strength 
and ultimate strength in tension, compression, and shear; percent 
elongation and percent reduction of cross-sectional area in advance of 
tensile fracture; elastic modulus; hardness; and resistance to static 
loading, impact loading, and repeated or reversed loading. 

When the pure metals and alloys of importance commercially arc 
compared, they are found to vary widely in individual mechanical 
properties. As a group, however, they exhibit one particularly fortunate 
combination of properties not found in equal degree in any of the other 
engineering materials. Typically, the metals combine moderate to 
high strength properties with a high degree o(plastiaty, i.e., ability to 
withstand permanent deformation in advance of fracture. More than 
any other factor it is this combination, summarized as toughn(sSj that 
makes the metals irreplaceable in modem civilization. 

7-1. Toagliness 

ToughnesSy properly defined, is the ability of a material to absorb 
mechanical energy by permanent deformation in advance of fracture. 
Implicit in this definition are the two fundamental requirements of a 
tough material: it must be plastkyOx capable of deforming permanently in 
advance of fracture, and it must be strongy requiring relatively high 

forces to produce this deformation. 

Unfortunately, the toughness of a metal is frequenUy confused with 

such other properties as its softness, its resistance to impact fracture or 

frictional wear, and its plasticity. The technical concept of toughness 

can perhaps be clarified by a few examples. 
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7-7. Toughness 

A lump of plastic clay deforms extensively without 
However its toughness is low because it deforms at low stress, and » 
“sorbs very Uttle mechanical energy. The same is true of pure le^ 
which is an extremely plastic metal but also a vep' weak one. Pure 
copper, on the other hand, is tough. Like lead, it deforms extensively 
before it fractures, but it does this at stresses high enough so Aat a 
large amount of mechanical energy is absorbed by the nietJ before it 
breaks. The low-carbon steels as a rule are also very tough. While they 
cannot usually withstand as extensive deformation as copper does, they 
require much higher stresses to produce even the first mcrement of 
permanent deformation, and the total amount of energy absorbed by 
a steel in advance of fracture is often greater than that absorbed even 
by copper. Ordinary gray cast iron, on the other hand, is also a relatively 
strong metal, requiring high loads to produce fracture. But gray iron 
fractures with almost no previous permanent deformation, and so is 


almost totally lacking in toughness. 

It is primarily the plasticity of metals (irrespective of the forcra 
required to produce thpir deformation) that is important in their 
forming and fabrication by the common processes of rolling, forging, 
pressing, drawing, bending, etc. In service under many conditions 
other materials are as good as the metals, and sometimes better. Thus, 
the average metal is not nearly so strong as a fiber of glass, or so hard 
as a crystal of quartz, or so plastic as pitch, or so elastic as rubber, or so 
resistant to corrosion as any of these. However, most nonmetals lack 
plasticity, and are difficult to form into complex shapes of precise 
dimensions. When they have sufficient plasticity they are usually 
deficient in strength, and so the metals are competitive with the non- 
metals even in structural applications. In machine parts and other 
equipment subject to high dynamic loading in service, the metals are 
in general unapproached by any other available material. In addition 
to formability, machinability, weldability, castability, wear resistance, 
dimensional stability, and other special properties, their toughness 
gives them a unique ability to yield without fracture to shock, vibration, 
and normal localized overloading. This serves to distribute service loads 
throughout their volume, and greatly reduces the peak values of stress. 
The average nonmetal, even when it has inherent strength equal to 
that of a metal, is incapable of yielding in this way to dissipate high 
local stress, and can only fail suddenly in a completely brittle fracture 
(i.e., a firacturc imaccompanied by permanent deformation). 
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Irrespective even of cost and of forming and fabricating difficulties, 
the nonmetals cannot conceivably compete with metals in most of their 
everyday applications—in crankshafts, nails, barbed wire, watch 
springs, hoisting cables, locomotive wheels, and rivets. Principally this 
is because they lack toughness, the combination of plasticity (for ease in 
forming and resistance to local overloading) with strength (for resistance 
to failure by excessive deformation or actual fracture). 

7-2. Elastic vs. Plastic Deformation 

Toughness, the most significant property of metals in general, can 
be rationalized most satisfactorily by considering the detailed mechan¬ 
ism of deformation in metals and correlating this with the forces required 
to produce it. 

As a continuously increasing external load is applied to a metal, a 
continuously increasing strain (i.e., extent of deformation) is produced. 
At first, while the load is small, deformation is reversible and strain is 
substantially linear with load; doubling the load approximately 
doubles the strain, and removing the load causes the strain to disappear. 
So long as this relationship persists, deformation of the metal is said to 
be elastic. 

As the external load is increased, eventually a point is reached at 
which one of two things happens: a brittle material fractures, or a 
plastic material begins to show deformation which persists after the 
external load has been removed. Most nonmetals are brittle (i.e., 
totally lacking in plasticity) and, with increasing load, deform elastically 
until their ultimate strength is reached. Then they fracture suddenly, 
with no permanent deformation. Most metals are sufficiently plastic so 
that they are capable of withstanding a significant amount of permanent 
(or plastic) deformation in advance of fracture. 

The greatest load which a unit area of any plastic material can 
support without deforming permanently is called the elastic limit of that 
material. In brittle materials the elastic limit coincides with the 
ultimate strength, i.e., the load per unit area required to cause fracture. 
In plastic materials the elastic limit is well below the ultimate strength, 
and increasing the load above the elastic limit increases the extent of 
both elastic and permanent deformation, which now occur simul¬ 
taneously. Finally fracture occurs, but a measurable residual strain 
remains in the broken section. 

When a plastic metal is loaded progressively to fracture, its behavior 
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may, then, be described in terms of three distinct processes: elastic 
deformation, permanent deformation, and finally fracture. Of the 
three, fracture occurs only after the possibilities of elastic and plastic 
deformation at lower loads have been exhausted; the discussion of 
fracture will be postponed to Chapter 10. Elastic deformation occure 
alone at loads which are below the elastic limit, but at higher loads it is 
simultaneous with permanent deformation. However, in spite of their 
coincidence in time, elastic and permanent deformation are accomplished 
by totally different mechanisms, and so may be discussed individually 
in the sections which immediately follow. 

7-3. Elastic Deformatioii 

The general mechanism of elastic deformation was described in 
Sections 4-5 and 5-1. Application of an external load to a metal distorts 
it by elastically displacing individual atoms from their equilibrium 
positions. Tensile loads tend to increase the interatomic spacing along 
the stress axis, compressive loads tend to reduce it, and shearing loads 
tend to slide each layer of atonts past the next. Whatever the direction 
of atomic displacement, however, the balance of bonding attraction 
against electrostatic repulsion illustrated in Fig. 4-3 is disturbed by it, 
and a restoring force is created that tends to return each atom to its 
equilibrium position. The sum of the restoring forces of all the displaced 
atoms on a unit area of cross section of the metal is stress, and is neces¬ 
sarily equal to the load per unit area which produced it. So long as 
the elastic limit has not been exceeded, removal of the external load 
will allow each atom to return to its original position, and both elastic 
strain (deformation) and elastic stress (restoring force) return to zero. 

Even on the atomic scale of dimensions, the extent of the elastic 
displacement of any given atom relative to its neighbors is never great. 
For the limited displacements which can occur in advance of fracture, 
the restoring force is an almost linear function of the extent of atomic 
displacement—as is evident from the near-linearity of curve (c), Fig. 4-3, 
in the region where it crosses the distance axis at zero force. This is the 
basis of Hooke's law, which states that, at loads below the elastic limit, 
stress is a linear function of strain. Since the curve in question is not 
actually a straight line, it is evident that Hooke’s law is only approxi¬ 
mately correct. However, in most cases it is a close enough approxima¬ 
tion to be very useful, and in most of the subsequent discussions it will 
be assumed, for simplicity, that Hooke’s law is exact. 
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7-4» Importance of the Elastic Modnlns 

Another and quite different aspect of the elastic behavior of metals 
is so widely misunderstood that it deserves attention here. This concerns 
the stiffness or rigidity of a spring, a crankshaft, a beam, or any other 
machine part or structural member in which the extent of elastic 
deformation or deflection under load is significant. 

The relative stiffness of various materials or of various sections of 
the same material can be determined from the extent of deformation 
produced by any given load below the elastic limit. Under constant 
load, the smaller the elastic deformation the stiffer is the material in 
question. 

The extent of the elastic deformation of any given material in 
tension, for example, can be predicted from the mathematical state¬ 
ment of Hooke’s law: 

e = PLjAE, 

where e — elongation of the specimen, 

P = applied tensile force, 

L — original length of specimen, 

A = original cross-sectional area of specimen, 

£ = a constant, the elastic modulus (Young’s modulus) of the 
material tested. 

If the elastic modulus, £, and the dimensions of the member, L and A^ 
are known, the elongation, «, for any load, P, can be calculated. 
However, even when such a calculation is made, the inherent signifi¬ 
cance of the constant E is often overlooked. 

Rearrangement of the above equation shows that: 

% 

E = PLjAe ~ PjA -r ejL = nominal stress -r nominal strain. 

That is, the elastic modulus of any given material is the ratio of nominal 
stress (load per unit of original cross-sectional area) to nominal strain 
(elongation per unit of original length) which is maintained during its 
elastic deformation.* The higher the modulus the greater the ratio of 
stress to strain, and the stiffer the material in question. 

As has already been stated, stress is actually the restoring force 

1 It will be noted that when « = £ the nominal strain b unity, and £ = noi^al $tr«. 
Therefore it is often stated that the elasUc modulus is the tensile stress that would elasUcaUy 
extend a given material to twice iu original length. Because rubber is ihe only coupon 
engineering material that can be elongated elasticaUy to thb extent, a defiiuUon of ^ 
elastic modulus based on the stress-strain relaUonship at lower strain seems somewhat more 
appropriate for discussions of the elastic behavior of metab. 
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developed as a result of the forcible change in the spacing of atoms 
which is strsOn. The stress developed by any given strain, and the ratio 
between the two-which is the elastic modulus—are, at any given 
temperature and pressure, functions of only two things: the nature of 
the atoms present, and their arrangement relative to each other. For 
each pure metal, solid solution, or intermetaUie compound at equi¬ 
librium, both the composition and the crystal structure are fixed, and 
so therefore is the elastic modulus. It can be altered only by significantly 
changing either the composition of the material or its crystal structure, 

or both. 

The elastic modulus of a given metal can be changed somewhat by 
alloying with it some other element that is soluble in it, since this 
introduces into its crystal structure foreign atoms which alter the 
restoring forces developed by a given increment of strain. In general, 
however, a relatively large alloy addition is required to produce even a 
rather small change in the elastic modulus. Among the ordinary 
engineering steels, for example, the total content of alloying elements 
is never more than a few percent, and the elastic modulus is substan¬ 
tially constant at 28,500,000 psi for all steels. Among the commercial 
brasses, on the other hand, the zinc content may vary from almost 
nothing to as much as 40% of the alloy by weight, and a drastic increase 
in zinc content may reduce the elastic modulus by as much as 5% or 
6%. Even this great a change in modulus is not often either significant 
or useful; hence in general the idea of making alloy additions to a metal 
in order to alter its elastic modulus may be promptly discarded. 

In a later chapter it will be shown that the elastic modulus of any 
plastic metal can be slightly increased by mechanically working it, but 
that, here again, the resulting change in modulus is insignificant. 

In certain alloys (notably the steels) it is possible by proper heat 
treatment to retain at atmospheric temperature polymorphic forms 
(e.g., y-stcel) which arc truly stable only at higher temperatures, or to 
produce metastable forms (e.g., martensite) which differ significantly 
in crystal structure from the stable forms./It appears, then, that by 
heat treating to alter the crystal structure in either of these ways it 
might be possible appreciably to change the elastic modulus of an 
alloy subject to polymorphic transformation. Actually, however, the 
same atoms are present in the same proportions after heat treatment 
as before, and—although the geometry of their arrangement may 
be drastically changed—there results only a slight change in their 
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spacing relative to each other. The variation in elastic modulus which 
results from such special heat treatments is always so small that it 
has little or no engineering significance, arid it too can generally be 
ignored. 

When the ordinary engineering metals are to be used, then, no 
appreciable change in stiffness can be expected to result from minor 
alloy additions, from mechanical working, or from heat treatment. 
Only two means are available for increasing stiffness: (1) increasing the 
section thickness of the member, and (2) drastically changing the alloy 
composition—for example, by substituting bronze for an aluminum 
alloy, or steel for a brass. 

Because of its relatively high elastic modulus, steel is the alloy 
usually chosen for applications in which a high degree of stiffness is 
required. There is a widespread and most unfortunate misimpression 
that the stiffness of a steel spring, for example, can be greatly increased 
by substituting a high-carbon or alloy steel for a low-carbon steel, or 
using a cold-rolled or cold-drawn steel instead of a hot-rolled or 
annealed steel, or heat treating the steel to a high level of hardness. 
Actually, an increase in the elastic modulus of more than about 10% 
cannot be achieved by any of these methods or by any combination of 
them, and in general the increase produced is so small that it is totally 
insignificant. The principal advantage of such substitutions and special 
treatments is that they usually raise the elastic limit of the steel, and so 
increase the load it can withstand without “taking a permanent set.” 
Frequently they also increase the fatigue life of the steel, as is discussed 
in Chapter 10, and this too is important in springs. However, they do 
not significantlyalter the stiffness of the steel. 

In certain applications where the extent of elastic deflection under 
load is not a critical factor but dissipation of shock or vibrational energy 
is important, there is sometimes an actual advantage in using metals of 
low elastic modulus. This is discussed in Chapter 8, under damping 
capacity. 

Where an exceptionally high elastic modulus is necessary to mini¬ 
mize deflection in thin, critically stressed sections, the cemented 
carbides (tungsten carbide, etc.) are very useful. Their elastic moduli 
are as much as three times that of steel, and they are very hard and 
strong. They are widely used for long, thin boring bars, spindles, and 
other small precision-machine parts, as well as for cutting tools in 

general. 
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7-5. The Stress-Strain Curve 

The typical behavior of a plastic metal under increasing load is 
most familiarly represented by the stress-strain curve for a tensile test on 
a standard specimen of that metal. Such a curve is sketched in Fig. 7-1. 
It is derived by subjecting a specimen of known length and cross- 
sectional area to an increasing tensile load, and measuring the increase 
in the length of a gage section near the center of the bar after successive 
increments of load have been applied. Nominal stress (or simply stress) is 
calculated as load at any given instant divided by the original cross- 
sectional area of the bar, and is 
here plotted as the ordinate 
against nominal strain (strain) as 
the abscissa. Nominal strain is 
calculated as the total elongation 
of the gage section which has 
occurred in advance of any given 
measurement, divided by the 
original gage length. 

Typically, the stress-strain 
curve for a metal tested in tension 



is very nearly a straight line from 
the origin of the coordinates to a 
point called the proportional limit 
(P.L.)—so named, of course, 
because below this point stress 


STrcin.tnytn. 


Fig. 7-1. Typical Stress-Strain Curve for 
a Plastic Metal Tested to Fracture in 

Tension. 


is almost exactly proportional to strain. In this region the slope of the 
stress-strain curve is essentially constant and represents the elastic 
modulus (i.e., the ratio of stress to strain); the steeper the curve, the 
higher the modulus. 


At loads above the proportional limit, nominal stress increases less 
rapidly than does strain, and the slope of the stress-strain curve dimin¬ 
ishes accordingly. Eventually a maximum stress value is attained, at 
which point the slope of the curve is zero. Stress at this point of maximum 
load is called the ultimate tensile strengthy or simply the tensile strength 
(T.S.), of the metal. Thereafter, further elongation of the specimen 
occurs under diminishing load, so that the curve has an increasing 
negative slope until the test is terminated by fracture of the metal (at 
pointFin Fig. 7-1). 

The clastic limit of a metal is not often determined experimentally, 
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for two major reasons. First, its determination is very tedious, since it 
involves application of a relatively low load, complete removal of it, 
precise measurement of the specimen to sec whether permanent exten¬ 
sion has occurred and, if it has not, repetition of this cycle with small 
increments of load until the first permanent change in dimensions is 
observed. Second, the value of the elastic limit thus determined varies 
widely according to the sensitivity of the measuring device used to 
detect the first increment of permanent strain. Micrometer calipers 
allow detection of dimensional changes that could not be observed 
with a sted rule, and so result in a lower stress value for the elasdc 
limit; a microscope or other optical measuring device gives a still lower 
value, etc. In fact, it appears that if the measuring device were infinitely 
sensitive, the elastic limits of all the common metals, excepting perhaps 
iron and its alloys, would occur at nearly zero stress. At least a very 
limited amount of permanent deformation seem always to occur when 
an appredable load is applied to almost any metal. However, in the 
lower stress ranges the overwhelming proportion of strain is elastic, and 
for many purposes its small permanent component can be safely 
neglected. 

As a result of these factors, the proportional limit—which can be 
determined directly from the stress-strain curve—is frequently measured 
and used in design instead of the elastic limit. In fact, it is occasionally 
(if improperly) referred to as a proportional elastic limit. The principal 
basis for adopting such a procedure is the following reasoning: if Hooke’s 
law is correct, the stress-strain relationship for purely elastic deforma¬ 
tion should be linear; if the early part of the stress-strain curve is a 
straight line, then the first significant departure from linearity—at the 
proportional limit—should represent the first appearance of permanent 
deformation. Actually, of course, Hooke’s law is not exact, and the 
stress-strain curve is never linear (although its curvature may be slight). 
Further, it has been demonstrated repeatedly that there is no appreciable 
change in curvature until the stress is well above the minimum required 
to cause easily detectable permanent deformation. Finally, when it 
does appear, the proportional limit is seldom indicated by a sharp knee 
in the stress-strain curve, but rather by a more or less gradu^ decrease 
in its slope. Exact determination even of a proportional limit is there¬ 
fore usually impossible, arid the value selected in any given case vanes 
considerably with the sensitivity of the strain measurement and even 
with the scale to which the stress-strain curve is plotted. However, wi 



193 


7-6. Instantaneous Stress vs. Strain 

standardized testing procedures and measuring devices, a reasonably 
consistent and reproducible value for the proportional Umit can be 
determined for most metals. 

In spite of its limitations, the proportional limit of a metal is 
frequently used instead of the elastic limit as the basis for designing 
parts or members in which no significant permanent deformation can 
be tolerated under service loading. Some numerical basis for design 
calculations is essential, and—with a sufficient factor of safety (or 
factor of ignorance)—the proportional limit will serve. Most steels have 
a yield point, as is discussed in a later chapter. This corresponds to a 
proportional limit j when it appears at all, it is used instead. When a 
small amount of permanent deformation can be tolerated in service, the 
basis of design is frequently & yield strength, defined as the nominal stress 
at a specified permanent strain, usually a permanent elongation of 
either 0.2% or 0.5%. It should be remembered, however, that the 
true elastic limit of a metal, if it has one, is well below the stress values 
identified as proportional limit, yield point, and yield strength. 

7-6* Instantaneous Stress vs. Strain 

For most ordinary engineering purposes, the usual type of stress- 
strain curve—of which Fig. 7-1 is typical—is the useful one, because it 
indicates the maximum static load per square inch of original cross 
section which a given member can reasonably be expected to bear 
without deforming excessively or actually fracturing. However, in 
most discussions of the mechanisms of permanent deformation and 
fracture, it is far less confusing if stress-strain relationships are considered 
on the basis of a curve of instantaruous striss vs. strain. 

During deformation by any ordinary means, the total volume of any 
given piece of metal changes so slightly that, except in the most precise 
of scientific studies, it may be assumed to remain absolutely constant. 
In the course of a tensile test, then, such as that represented by Fig. 7-1, 
each increment of elongation of the specimen must be accompanied by 
a proportionate decrease in its average cross-sectional area. Thus, when 
a specimen initially 1 inch square and 10 inches long has been extended 
by 10%, its volume is still 10 cubic inches, and its average cross section 
must be 10 -r 11 =0.91 sq. in. instead of the original I sq. in. In 
plotting the curve in Fig. 7-1, this reduction of area was neglected; 
throughout the testing cycle, stress was calculated, as load applied to 
the specimen at any given instant divided by onginal cross-sectioni area 
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of the specimen. The result is misleading with regard to the actual 
condition of stress that exists in the metal at any given moment. Thus, 
in the rectangular specimen described above, if an external load of 
10,000 lb. were required to produce an elongation of 10%, the nominal 
stress at 10% strain (as plotted in the usual curve) would be 10,000 ^ 
1 = 10,000 psi. The true or instantaneous stress at the same instant would 
be 10,000 -H 0.91 = 11,000 psi. This 10% difference in stress is a very 
significant one. The disparity between nominal, and instantaneous 



Fig. 7-2. Instantaneous Stress vs. Strain 
Curve and Nominal Stress vs. Strain Curve 
for the Same Tensile Test on a Plastic 

Metal. 

each value of instantaneous stress 
which was simultaneous with it.^ 


stress is frequendy far greater than 
this, particularly toward the end 
of a tensile test on a very ductile 
metal where the cross-sectional 
area may be only one-fourth or 
one-third of its original value. 

Because of this, it is frequendy 
desirable in studying metal be¬ 
havior to plot the deformation 
curve as instantaneous stress vs. 
strain. This is done by measuring 
the cross-sectional area of the 
specimen each time that load and 
strain measurements are made, 
calculating instantaneous stress 
as load at any given moment 
divided by cross-sectional area at 
the same moment, then plotting 
against the strain measurement 


In Fig. 7-2, the data of the tensile test represented by Fig. 7-1 have 
been replotted on the basis of instantaneous stress vs. strain. Typically, 
the instantaneous curve is parabolic, or nearly so. The first section, OA, 
extends with only slight curvature firom the origin to the proportional 
limit, and, since strain in this region is small, it almost coincides with 
the corresponding region of the nominal stress vs. strain curve. Above A 


i It appem th.t, to be tiuly scientific, inrtMtwieoui TO* ihould plott^ 
insumiw-mu rmther then nomin.1 .tr«n. TTus i. mort simply done by 
the natural logarithm of the ratio: (inilantaneous gage len^)-r 
However, such a plot actually has Uttle advantage over one based on 
is (total strain) -r (original gage length); and smee no^ st^ 
concept, it will be retained as the abscissa in all curves of this type here presented. 
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on the instantaneous plot there is a curved region, AB^ over which the 
rate of strain increases continuously as the extent of permanent strain 
becomes appreciable. In this region the instantaneous curve departs 
more and more widely from" the ordinary curve, because here the cross- 
sectional area of the specimen is being reduced dgnificantly and rather 
rapidly. Point 5 is the point of maximum load,^ corresix)nding to the 
maximum in the curve of nominal stress ys. strain, and so indicating 
true stress in the metal at its ultimate tensile strength. Finally, from B to 
Ft the instantaneous curve again becomes almost linear. It is in this 
region that the difference between instantaneous and nominal stress- 
strain curves is most significant. The nominal stress curve is misleading 
in indicating that beyond the ultimate tensile streng^ of the metal it 
will continue to extend at constantly diminishing stress until fracture occurs. 
The instantaneous curve indicates properly and very definitely that, 
even beyond the point of maximum load, the load per unit of existing 
cross-sectional area must be increased continuously if extension is to be 
continued. 

A major advantage of.the instantaneous stress vs. strain curve is 
that, for a given metal, it is essentially the same under any type of 
loading. This is not true of the ordinary stress-sfrain curve. For example, 
in compression testing of a plastic metal, actual fracture of the specimen 
does not usually occur. Instead the specimen “squashes out,” con¬ 
tinuously increasing in cross-sectional area and in resistance to further 
deformation, until the capacity of the testing machine has been reached. 
The usual stress-strain curve, in which stress is again calculated as load 
^vided by original cross-sectional area of the specimen, has the trend 
illustrated by the upper curve in Fig. 7-3; stress increases continuously 
with strain, but at an increasing rate after deformation has become 
reasonably extensive, and fracture never occurs. In a plot of instan¬ 
taneous stress vs. strain, the lower curve in Fig. 7-3, the curve for 
the compression test is essentiaUy identic^ with that for a tension 
test on the same material similarly plotted. Beyond the knee of the 
ciOTC, the instantaneous plot again indicates a substantially linear 

relation between stress and strain up to the maximum load that can be 
applied. 

For design purposes, the curve of instantaneous stress vs. strain has 
few advantages, and has an important disadvantage in that it does not 


burdening—Effecti of Alloying Elements and Micr 
Clevdand, American Society for Metals, 1949, pp. 2-29. 
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indicate accurately the ultimate tensile strength of the metal (as this 
strength value is universally defined). Further, such a curve is extremely 



Fio. 7-3. Instantaneous Stress vs. Strain 
Curve and Nominal Stress vs. Strain Curve 
for the Same Compression Test on a 

Plastic Metal. 


difficult to plot, because accurate 
measurements of both instan¬ 
taneous cross-sectional area and 
instantaneous applied load be¬ 
come difficult in the last stages 
of a tensile test—when nonuni¬ 
form deformation and necking- 
down of the specimen have begun. 
As a result, relatively few in¬ 
stantaneous stress vs. strain curves 
have ever been published. For 
discussions such as those in the 
present chapter, however, an 
appreciation of the general trend 
of the instantaneous stress vs. 
strain curve is of fundamental 
importance. It is essential to 
realize that actual force per 
unit area of existing cross 
section must be continuously 
increased in order to produce 
successive increments of strain, 
and that, independent of type 


of loading, this is true up to the point of actual fracture of the 
metal. 


7-7. Simnltaueoas Elastic and Permanent Deformation 

As the load on a metal specimen is continuously increased, instan¬ 
taneous stress and strain maintain an essentiaUy constant ratio up to the 
proportional Umit. Throughout this region of stress, the strain is almos 
entirely elastic. At loads above the proportional limit, the permanent 
component of strain becomes signiBcant; part of the energy supplied to 
deform the metal is dissipated in producing permanent sttain. and th 
ratio of instantaneous stress to total strain diminishes, however th 
beginning of permanent deformation does not indicate of 

el^tic deformation. As long as the external load is supported y 
metal, external appUed force is necessarily balanced by mtemal restoring 
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force, and instantaneous load per unit area is always equal to instan¬ 
taneous stress. An increase in external load, then, increases ins ta n tan eous 
stress, and such an increase in instantaneous stress (restoring force) can 
result only from an increase in the extent of the elastic displacement of 
the atoms composing the specimen. The only possible conclusion is that, 
during continuous loading of a metal specimen, elastic strain must 
increase continuously with external load, even after permanent strain 
has begun to appear. In other words, elastic deformation continues 


above the elastic limit, and 
elastic strain increases with load 
until fracture occurs. 

This general relationship can 
be illustrated by extrapolating 
the initial straight portion of the 
instantaneous stress vs. strain 
curve to the highest stress which 
the metal can withstand, as has 
been done for a tensile test in 
Fig. 7-4. Such an extrapolation 
allows a reasonably accurate 
estimation of the extent of elastic 
deformation at any stress level 
up to that of actual fracture. For 
example, at stress a only elastic 
strain ab has occurred, and this 
will be entirely eliminated if the 
external load is removed. At stress 
Cy total strain ce consists of elastic 
strain cd plus permanent strain 



Fio. 7-4. Continuation of Elastic De- 
fonnation After Permanent Deformation 

Has Begtm. 


de. Unloading the specimen will aUow the elastic strain to disappear, 

and the total strain will diminish according to Hne ef (which is paraUel 

to dO). At zero stress, there remains only a permanent strain Of which 

IS equal to de. Unloading of the specimen at fracture allows elastic 

stram gh to disappear, leaving only permanent strain Oi; when a 

tensde specimen breaks, the broken ends will immediately spring apart 
by the distance represented by gh. ^ o r 

At any stress level from aero to the point of fracture, the extent of 
Ae dasuc str^ can he determined by projecting onto the strain axis 
the honaontal distance separating the instantaneous stress axis from 
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the initial straight portion of the instantaneous stress vs. strain curve, 
or the extrapolation of this straight portion. 

7-8. Springback 

Release of the applied load, even after permanent deformation has 
begun, results in the disappearance of the elastic component of strain, 
and this always represents an appreciable fraction of the total strain. 
The overall effect is called springback^ and it occurs at any load up to and 
including that which will cause fracture. In Fig. 7-4, the extent of 
springback at various levels of stress is illustrated by elastic strains ab at 
stress < 2 , cd at stress r, and gh at fracture. 

In industry, springback is often a very troublesome problem. 
Suppose, for example, that a wire initially 20 feet long is to be per¬ 
manently increased in length by exactly 1 inch in a stretching operation. 
Obviously it will be necessary to apply to the wire a load sufficient to 
elongate it by somewhat more than one inch so that, when the load is 
removed, the wire will spring back to exactly the desired length of 20 
feet 1 inch. If an instantaneous stress vs. strain curve were available, 
a springback allowance could in this case be calculated rather precisely, 
or it could be approximated from the curve of nominal stress vs. strain. 
However, for complex shapes in less simple forming operations, the 
calculation becomes impossibly difficult, and the only solution b the 
expensive one involving trial and error. Thus, when a cupped shape is 
to be drawn by forcing an initially circular sheet of metal through a 
round die opening by means of a circular punch, a careful springback 
allowance must,be made in designing the die and punch, so that the 
finished cup will have exactly the required dimensions—and will also 
strip freely from the end of the punch when the pressure of drawing is 
released. Even in this relatively simple case, the allowance for spring- 
back is necessarily a matter of rule of thumb based on long experience 
in generally similar drawing operations. Desigmng satisfactory dies and 
punches for the more complex cold-forming operations is not a science 

but a very highly developed art. 

7-9. Type of for Permanent Deformation 

When the load applied to a metal rises to above its elasUc Hnut, 
irreversible or permanent deformation begins, and contoues vn 
increasing load until fracture occurs. Among the mc^, the extent o 
permanent deformation that precedes fracture is typicaUy very grea , 
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and the toughness which this represents is perhaps the most significant 

characteristic of the engineering metals. 

It is apparent that permanent deformation of a metal must occur by 
some mechanism that has not yet been considered. From Fig. 4-3 ^d 
subsequent discussions of this figure it is evident that pure tension 
cannot produce permanent deformation. Increasing tension can only 
produce increasing separation of atoms along the stress axis, and this 
continues until the interatomic disUnce becomes so great that the 
bonding attraction between the atoms is negligible. Complete separa¬ 
tion of the atoms then occurs, and brittle fracture is the result. Pure 
compression, on the other hand, can only force the atoms closer together 
along the stress axis, until the strong forces of repulsion developed 
between them exaedy balance the greatest compressive load that can 
be applied. Necessarily the resuldng distortion of the crystal structure is 
perfeedy elastic, and pure compression can result in neither permanent 
deformadon nor fracture. 

The only type of loading which is capable of permanendy displacing 
atoms reladve to each other without destroying cohesion between them 
is a shearing load. 

By definidon, shear is “that type of force which causes or tends to 
cause two condguous parts of the same body to slide reladve to each 
other in a direcdon parallel to their plane of contact.** If a sufficiendy 
intense shearing load is applied to a metal, it produces lateral displace¬ 
ment reladve to each other of block-like secdons of each crystal, by a 
process called slip or gliding. Whatever its detailed mechanism, the 
results of slip in metals resemble those produced by the sliding past each 
other of individual cards in a deck that is placed on a table and spread 
out by condnuous pressure of the player’s hand. Only shear can produce 
such an effect. This docs not mean that permanent deformadon of a 
metal cannot be produced by applying tensile or compressive loads to it. 
It does mean very definitely that in producing permanent deformadon 
of a metal only that part of the applied load is effective that can be 
resolved into shearing forces parallel to the planes in each crystal along 
which slip is possible. 

Before and during permanent deformation, the shearing component 
of the applied load also produces elastic distortion of each crystal, as is 
indicated on the atomic scale of dimensions by the sketches in Fig. 
7-5. Fig. 7-56 iUustrates the systematic clastic displacement of atoms 
which results along one particular plane from the application of a 
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shearing load to the crystal. The same effect has, of course, occurred on 
all the other planes in the crystal which are parallel to that shown and 
are in the region loaded in shear. As the applied load increases, the 
elastic displacement of atoms increases proportionately. So long as the 
elastic limit has not been exceeded, each atom will spring back spon¬ 
taneously to its original position when the external load is removed, 
and the crystal will be restored to its original dimensions. However, 
when some rather definite shearing stress is exceeded, the effect illus¬ 
trated in Fig. 7-5c will occur. Along some plane within the crystal, 
called a slip plane or glide plane, the atoms in one layer will have been 
so far removed from their original neighbors in the next layer that they 
will move spontaneously into new positions displaced by one, two, three. 



(ai (bi (c) (d) 


Fio. 7-5. Elastic and Permanent Deformation of a Cubic Metal 
Loaded in Shear, (a) OHginal crystal, unstressed; (i) elastic strain 
produced by shearing force below the elastic limit; («) increased 
elastic strain plus permanent strain by slip, resulting from load above 
the elastic limit; (rf) shearing load removed; only permanent strain 

remains. 

or more interatomic distances from their original positions. Except at 
the edges of the crystal, where a UtUe extra energy is absorbed in 
creating a smaU'area of new surface, each atom thus displaced fin^y 
comes to rest in a position just vacated by one of its neighbors which 
was similarly displaced at about the same time. The result, when slip 
ceases on the plane in question, is that iUustrated in Fig. 7-5;:. One part 
of the crystal has been permanently displaced relative to the rest; but 
except for elastic distortion, the symmetry of its structure has not ^en 
destroyed, and the crystal Is stiU continuous across the plane ^ong 
which sUp has occurred. As is indicated in Fig. 7-5(/, removal of the 
shearing load allows the elastic strain to disappear but does not, ol 
course, cause the atoms in the sUpped section of the crystal (a^^e c 
sUp plane in the figure) to return to their original positions. Each atom 
returns to the nearest equiUbrium position, and the crystal as a whole is 

left permanently deformed. 
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Many repetitions of this cycle, each involving a very limited dis¬ 
placement along some other plane which is parallel to the sUp pl^c 
initially active, eventually produce an appreciable permanent distortion 
of the crystal. This behavior is duplicated in adjacent crystals. There is 
no doubt that extensive permanent deformation of a solid metal always 

occurs by the general process described. 

There are many details of the slip mechanism and its results which 
remain to be discussed below. For the moment, however, the essential 
conclusions to be drawn are these: (1) the principal mechanism of 
permanent deformation is slip; (2) slip can be and is produced only by 
shear. 

y-io. Resolation of Forces 

A certain rather definite shearing stress typical of each different 
metal and alloy must be developed along the potential slip planes of a 
metallic crystal before permanent deformation by slip can occur in it. 
Occasionally the shearing stress is developed by direct shearing loads, 
e-g-, by torsional loading of a 
rotating shaft, by plate tension on 
a rivet joining overlapped metal 
plates, etc. More commonly, 
however, the shearing stress is 
developed by tensile or com¬ 
pressive loads, in direct tension 
or compression, or in bending. 

In this connection it is important 
to recall a familiar principle of 
mechanics that is also basic to 
later discussions of the mecha¬ 
nisms of fracture. 

If a uniform tensile load of 
P lb. is applied to a rectangular 
specimen whose cross-sectional 
area is A sq. in., the longitudinal tensile stress within the spccuncn 
is said to be PjA psi. On any plane passing through the specimen, such 
as that lined in Fig. 7-6, load P can be resolved into two components: 
N , a force normal to the plane in question, and 5, a force parallel to 
it. Relative to this plane, is a tensile force which tends to produce 
separation of atoms on opposite sides of the plane, and so to cause 



Fig. 7-6. Resolution of Tensile Load (P) 
into Shearing Force (5) and Normal Force 
{^f) on a Random Plane Through a 

Specimen. 
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fracture along it. However, until fracture actually occurs, N produces 
elastic deformation only, and does not directly influence pennanent 
deformation by slip along the plane. But 5 is a shearing force, and 
so is the component of P that is effective in producing slip. 

Shearing stress is S divided by the area of the section considered, 
i.e., of the lined plane in Fig. 7-6. It is easily shown that 5 = ? sin 
and that the area of this plane is equal to .<4/cos 0, where 0 is the angle 
separating M from the stress axis. Shearing stress, therefore, is equal to 
[PjA] sin B cos or {Pj^A) sin 28. This expression is numerically equal 
to zero when sin 26 = 0, which occurs when 0 = 0® or 90“. Shearing 
stress, then, is zero on planes that are parallel to the stress axis or 
normal to it. As B increases from 0®, shearing stress rises to a maximum 
value of PI2A when sin 20 = 1, i.e., when B = 45®, then diminishes 
again as B approaches 90®. Exactly the same analysis applies to com¬ 
pressive loading. The general conclusion is that, in cither tension or 
compression, resolved shearing stress is zero on planes which are 
parallel with or normal to the stress axis, and reaches a maximum value 
equal to one-half the longitudinal tensile or compressive stress 
(1/2 X P/A) on planes which are at 45® to that axis. 

Further, shearing stress can be resolved along any arbitrary direc¬ 
tion within any plane of interest passing through the specimen. It can 
be shown that resolved shearing stress is a maximum along the direction 
that also falls in the plane containing both A* and the stress axis. 

Because only shear can produce slip and only slip can produce 
permanent deformation, there will be repeated references in the follow¬ 
ing sections to the orientation of potential slip planes relative to axes of 
tension and of compression. The plane at 45® to a stress axis, on which 
resolved shear is a maximum, will receive particular attention. 

« 

7-11. Effect of Type of Bond on the Possibility of Slip 

Only shearing forces can produce slip, but even shearing forces 
cannot do so in all materials. It is also prerequisite for the slip process 
that cohesion between adjacent planes of atoms be continuously main¬ 
tained while relative motion is occurring; otherwise fracture results 

instead of permanent deformation. 

Slip is ordinarily impossible in valence-type crystals. Here the 
electrostatic field of force around each atom is strongly directional, since 
it represents the mutual attraction of pairs of atoms for specific pairs of 
shared electrons, each of which is confined to a limited region between 
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two atoms. A sUght angular displacement of the two atoms relative to 
each other results in a distinct weakening of the bonding attracUon 
between them, and it becomes negUgibly smaU after even a very 
limited amount of relative motion has occurred. As a result, even m 
shear, the covalent bond is destroyed before any given atom has 
reached a new position in which it can form a similar bond with a new 
neighbor. At stress above the clastic Umit this occurs simultaneously 
for a large number of atoms, cohesion is lost along some particular 
plane through the crystal, and fracture instead of slip is the end result. 

Typically, then, because of the inflexibility of the covalent bond, 
valence-type crystals cannot be permanently deformed in advance of 
fracture. As the load increases toward their ultimate strength, they 
exhibit increasing elastic strain, then fracture suddenly in a completely 
brittle manner. This occurs, for example, in all of the elements and 
compounds mentioned in Chapter 3 which form valence-type crystals. 
Thus antimony, arsenic, bismuth, selenium, SiC, AlSb, etc., arc all so 
brittle that they can be pulverized with a hammer. 

In metallic crystals, on .the other hand, cohesion is maintained by 
the attraction between an electron cloud and a rather uniform electro¬ 
static field of force surrounding each atom. The strength of the metalhc 
bond is not particularly reduced by small angular displacements 
relative to each other of the individual atoms composing a crystal. 
In shear, as one layer of atoms moves parallel to another immediately 
above or below it, each atom encounters attraction toward a new 
equilibrium position before the forces holding it in the old one have 
been significantly diminished. Except at a free surface, therefore, each 
atom is continuously bonded to adjacent atoms on all sides, even while 
slip is occurring. By a series of jumps of one interatomic distance each, 
a layer of atoms in a metallic crystal can be moved for as much as 
100 or 1000 interatomic distances, or even more, along a direction 
which lies in its own plane, and without at any instant losing cohesion 
with the layer of atoms adjacent to it across the slip plane. Hence a 
metallic crystal can be permanendy deformed by slip without fracture. 

The polymorphic forms of pure tin afford a rather spectacular 
example of the importance of type of bond in controlling the possibility 
of permanent deformation by slip. In the form of a valence-type crystal 
(tetrahedral-cubic a-Sn) tin is completely britde; as a metallic crystal 
(body-centered tetragonal /5-Sn) it is one of the most plastic of met^. 

Because the ionic bond is neither so flexible as the metallic bond nor 
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so strongly directional as the covalent bond, ionic crystals arc some¬ 
what unpredictable with regard to plasticity. Most of the common ionic 
crystals-such as NaQ, CaF 2 , CaTe. and MgzSi-are almost as brittle 
as valence-type crystak. But a few are known (notably AgCI) which are 
capable of slip and which can be permanently deformed by bending, 
rolling, etc., without fracture. This is somewhat unusual; and while it 
is frequently stated that ionic crystals are intermediate in plasticity 
between valence- and metaUic-type structures, most of them are actuaUy 
just about as brittle as valence crystals. 

In general, among crystaUine materials, a high degree of plasticity 

can be expected only of those metals and alloys whose crystal structures 
are formed by metallic bonding. 

7~12* Slip Planes and Slip Directions 

As in most of their other properties, crystals in general arc quite 
strongly anisotropic in their response to external loads. As a result, the 
plane and the direction of slip in a metallic crystal are not determined 
by chance and cannot be predicted simply by resolving the maximum 
shearing stress developed by loading. In any crystal structure, slip is 
possible only along certain crystallographic planes which are deter¬ 
mined almost entirely by the geometry of the structure, and only in 
certain specific directions on those planes. 

Within any crystal there are one or a few families of planes along 
which the atoms are more densely packed than on any other planes 
that can be constructed through it. In the densely packed planes there 
are also certain directions along which atomic spacing is a minimum. 
Where interatomic distance is least, interatomic attraction is greatest, 
and so these are the strongest planes and directions in the crystal. 
Slip ordinarily occurs parallel to these strong planes and directions, 
to leave their atomic arrangement intact as far as that is possible. 
These are the possible slip planes and the possible slip directions within the 
crystal. 

In general, it is merely coincidence if, in any given crystal, a plane 
and a direction along which slip can occur are oriented parallel to the 
plane and direction along which the shearing component of stress is 
a maximum. Therefore, the planes of active slip in a metal loaded 
in tension or compression are not often at exactly 45® to a stress 
axis. Instead, they fall in whatever set of strong planes happens to be 
most highly stressed in shear. Depending upon the geometry and the 



7-13. Slip in Close-Packed Hexagonal Crystals 
orienution of the crystal, this set of planes may form with the stress 

axis any angle between 0* and 90 . 

The possibility, direction, and extent of sUp in any given 
material are. then. controUed by at least four major factors: (1) the 
type of bond involved in the crystal structure; (2) the magnitude of 
shearing stresses developed within it by external loading; (3) the 
geometry of its crystal structure, i.e., the number and angul^ relatiom 
of strong planes and strong directions in it; (4) the onentotion of each 

crystal relative to the shearing forces that tend to deform it. 

A fifth factor—the influence upon slip of crystallographic imper¬ 
fections introduced by grain boundaries, misfit foreign atoms, disloca¬ 
tions, etc.—will also be considered in later discussions. 

7-13. sup in Clo»e-P»ckcd Hexagonal Grystnla 

In the close-packed hexagonal crystal structure there are one family 
of close-packed planes, the {001} family, and one famUy of close- 
packed directions, the <100> directions. In a close-packed hexagonal 
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Fio. 7-7. Influence of Crystal Geometry upon the Direction of 

SUp. 


crystal, therefore, slip ordinarily occurs parallel to an {001} plane and 
in a <100> direction. 

In addition to the simple fact that bonding forces arc strongest when 
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interatomic distances arc least, there is a geometric reason for preferen¬ 
tial slip along thc^ planes and directions, as may be illustrated by 
Fig. 7-7. Considering again a close-packed hexagonal arrangement of 
spheres, it becomes evident that only in the <100> directions through 
the structure are there continuous rows of spheres which are tangent to 
each other and have their centers in line. A little experimenting with a 
two-dimensional arrangement of marbles on a table top will demon¬ 
strate that slip occurs with minimum disturbance to the arrangement, 
and so at rmnimum stress, if it is paraUel to one of these close-packed 
directions, i.e., if the motion is that of one close-packed row of spheres 
pMt the next similar row along the line between them. In Fig. 7-7, 
slip in the [100] direction might occur along the dashed line, or between 
any two adjacent horizontal rows of atoms. It might also occur, and 
with equal faciUty, parallel to any other of the <100> directions shown. 
It is evident, however, that any line constructed in this plane that is 
not parallel to a <100> direction must, if sufficiently extended, pass 
through the edges of some spheres and the centers of others. Slip along 
such a line would necessarily involve a serious disruption of the close- 
packed hexagonal arrangement, and so would require shearing stress 
much higher than does slip in a <100> direction. 

This line of reasoning can be extended to a three-dimensional 
model, to indicate why slip in a close-packed hexagonal structure is 
always easiest in a <100> direction. Addition of a second and third 
layer of marbles to that sketched in Fig. 7-7 will also make it evident 
that only in the (001) planes—those parallel to the table top—are 
individual spheres tangent to all of their immediate neighbors within 
the same plane. Any plane through the structure which is not parallel 
to an (001) plane will be found, if sufficiently extended, to pass through 
the edges of some spheres and the centers of othen. This indicates that 
severe distortion of the structure would necessarily result from slip 
along such a plane. A minimum of disturbance results, and minimum 
shearing stress is required, if slip occurs by the movement of one close- 
packed (001) plane past the next along the plane between the two. 
This may be illustrated by the movement of the second layer of marbles, 
as a unit, over the first layer, or of the third layer over the second, etc. 
Further, it will be found that the relative motion of these layers occurs 
most readily if each sphere in the layer moves from its original location 
to a similar position just vacated by a neighboring sphere, i.e., if the 
motion is in a <100) direction. 
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In a dosc-packcd hexagonal metal, then, slip normally occurs 
parallel to an {001} plane and in a <100> direction. Since there are only 
one set of {001} planes, the (001) set, and three sets of <100> directions 
(neglecting the reverses of these directions), in a close-packed hexagonal 
crystal there are only three possible slip ^stems^ i.c., three possible 
combinations of a specific slip plane with a specific slip direction. This 
imposes a severe limitation upon the ability of close-packed hexagonal 
metals to deform plastically in advance of fracture, as may be illustrated 
by the behavior of a single crystal of zinc. 


Behavior of a Zinc Single Crystal in Tension 

in a crystal of zinc, slip can occur only on—i.c., between—the (001) 
planes, and along one of three <100> directions, or in the reverse of 
these directions. However, whether or not slip will actually occur when 
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a zinc crystal is loaded in tension, 
and its direction if it does occur, 

is determined entirely by the } !! ! ■ | 

orientations of these three slip |~Y ^\\\\\\\\> i y ^ 

systems relative to the axis of the | i I 

applied load. If a scries of test i 1 1 m ! 

bars is machined from large single 
crystals of zinc and tested to 
destruction in tension, it will be 

found that three general cases are "“To 

possible. Packed Hexagonal Unit Cell. 

1. If the (001) planes of the 

zinc crystal happen to be almost normal to the tension axis, then re¬ 
solved shearing stress on these planes remains very low as the longitu¬ 
dinal tension rises to the ultimate strength of the metal; it actually 
remains at zero psi if the (001) planes are at exactly 90® to the stress 
axis. In any metal, a fairly definite critical value of shearing stress 
must be exceeded on a potential slip system before slip can occur. In 
this case the load required to rupture the test bar in tension is reached 


Fio. 7>8. Possible Slip Planes (Lined) and 
Slip Directions (Arrows) in the Qose- 
Packed Hexagonal Unit Cell. 


before the critical shearing stress for slip has been developed on the 
(001) plwes. The result is a completely brittle fracture, with no previous 
permanent deformation. Experimentally, this type of tensile fracture 
can be expected whenever a single crystal of a close-packed hexagonal 
metal is so oriented that its (001) planes make an angle with the stress 
axis which is greater than about 70® to 80®. 
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2. If the (001) planes of the zinc crystal are almost parallel to the 
tension axis, and if loading can be kept reasonably uniform across its 
section, then again the shearing component of the tensile load will be 
too small to initiate slip in advance of fractme. Experimentally, a 
completely britde fracture can be expected whenever the (001) planes 
of a close-packed hexagonal crystal make an angle with the tension 
axis which is less than about 10® to 20®> 

3. Between these extremes of orientation, a measurable amount of 
permanent deformation can be expected to precede fracture of the 
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Fro. 7-9. Brittle Frac¬ 
ture of a Zinc Single 
Crystal so Oriented That 
Its (001) Planes Are 
Nonnal to the Tension 
Axis, (a) Original speci¬ 
men; (b) specimen after 
fiacture. 


Fig. 7-10. Brittle Frac¬ 
ture of a Zinc Single 
Crystal so Oriented That 
Its (001) Planes Are 
Parallel to the Tension 
Axis, (a) Original speci¬ 
men; (b) specimen after 
fracture. 


Fro. 7-11. Ductile Frac¬ 
ture of a Zinc Single 
Crystal so Oriented That 
Its (001) Planes Can slip 
in Advance Of Fracture. 
‘(d) Original specimen; 
(b) specimen after frac¬ 
ture. 


test bar. If the (001) planes of a close-packed hexagonal crystal make 
an angle with the tension axis which is greater than about 10® to 20® 
but less than about 70® to 80°, tensile loads below the ultimate strength 
will have a shearing component parallel to the (001) planes that is 
sufficient to initiate slip along them. The more nearly the (001) planes 
approach an angle of 45® with the tension axis, the smaller the tensile 
load required to initiate slip, and, in general, the more extensive the 
permanent deformation that precedes fracture. 

In a single crystal of pure zinc, the tensile load required to produce 
detectable permanent deformation varies over wide limits according to 
the orientation of the crystal. However, if the shearing component of 
tension is resolved along the active slip system for each different 

* Sir H. C. Carpenter and J. M. Robertson, Afela/s, New York, Oxford Univmity Press, 
1939. 
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orientation, it wiU be found that slip actuaUy begins at very nearly the 
same shearing stress in every case. When completely brittle fracture 
occurs, it is direct evidence that the (001) planes of the zinc crystal were 
so oriented that the shearing stress along them never attained this 

critical value. 

If slip does take place on the (001) planes, it always occurs in 
whichever one of the <100> directions is most nearly parallel to the 
direction along which the resolved shearing stress is a maximum.^ 

y—ij. Slip in Face-Centered Cubic Crystals 

In crystals of the face-centered cubic metals, such as aluminum, 
copper, gold, and y-iron, again slip is ordinarily parallel to the strongest 
planes and along one of the strongest directions of each crystal. Here, 
however, as was described in Section 3-19, the close-packed planes are 
those of the {111} or octahedral family, and the close-packed directions 
are the < 110> family of cube-face diagonals. 

Within the face-centered cubic unit cell there appear eight (111) 
planes, each of which cuts-off one comer of the cube. But since the 
planes at opposite comers of the cube are parallel to each other, only 
four sets of octahedral planes are present. Slip in a face-centered cubic 
crystal can occur with equal facility on any one of these four sets, and 
along any of three <110> directions (neglecting the reverses of these 
directions) in each. There are, then, twelve possible slip systems in a 
face-centered cubic crystal, as compared with only three in a close- 
packed hexagonal one. 

When a tensile or compressive load in excess of its elastic limit is 
applied to a face-centered cubic metal, slip begins first on whichever 
set of {111} planes happens to be oriented most nearly at 45*" to the 
stress axis, and within that set along whichever of the <110> directions 
happens to be most nearly parallel to the direction of maximum 
resolved shearing stress. Because its four sets of (111} planes intersect 
each other, it is impossible to orient a face-centered cubic crystal relative 
to any uniaxial load in such a way that resolved shear is zero on all of 
them at the same time. At least one set will necessarily be in a favorable 
orientation for slip—i.e., so oriented that the resolved shear will exceed 

* WhUe the behavior outlined above for zinc is typical of that to be expected from any 
clote-packed hexagonal single crystal, at least one noUble exception to it has been observed- 
in the ease of polycrystalline magnesium at elevated temperatures. This will be discussed in a 
later section, when certain other effects of elevated temperature are considered. 



210 


Deformation of Metals 

the critical shearing stress for slip before tension along any axis reaches 
that required for fracture. As a result, fracture of a face-centered cubic 
metal in response to simple tensile or compressive loads is always 
preceded by a significant amount of permanent deformation. Cases of 
completely brittle fracture, such as those described in Section 7-14 for 
a zinc crystal, are impossible in the face-centered cubic metals, except 
in response to the unique condition of equal triaxial tension discussed 
in Chapter 10. Fortunately, external loading of this type is rare, and in 
general the face-centered cubic metals are outstanding for their high 
degree of plasticity. This can be sufficiently emphasized by simply listing 
a few of the familiar face-centered cubic metals whose general properties 
are well known: aluminum, copper, lead, gold, silver, and platinum. 

7-16. sup in Body-Centered Cubic Crystals 

In crystal structures that are not close-packed, there are no planes 
which have the exceptionally dense atomic packing and outstanding 
strength of the basal planes in close-packed hexagonal structures or 
the octahedral planes in face-centered cubic ones. In body-centered 
cubic crystals, for example, the {110} planes are those most densely 
populated with atoms, but they are not much superior in this respect 
to several other families of planes which exist in the same structure. 

As a result, the structural feature most important in determining 
the course of slip in a body-centered cubic crystal is the existence 
within it of a family of outstandingly strong directions—the <111> 
family of cube diagonals. These are as closely packed with atoms as the 
<100> and <110> directions are in close-packed hexagonal and face- 
centered cubic crystal structures respectively, and they are even more 
important in controlling sUp. In a body-centered cubic metal, sUp 
seems always to occur in a < 111 > direction. However, it may occur on 
any of several famiUes of planes that contain such a direction. In a- 
tungsten, for example, slip seems usually to follow the {110} planes, 
as might be predicted from the density of their atomic population. In 
a-iron, on the other hand, sUp seems to occur with almost equal 
on {110} and {112} and {123} planes, whichever happen to be onented 
most favorably relative to the appUed load. In fact, sUp can do« 
proceed simultaneously on planes representing any two or even aU three 
of these families. Most other body-centered cubic metals are equ^y 
unpredicuble with regard to the plane of active shp, and are equally 

consistent with regard to its direction. 
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Since they contain more intersecting sets of potential slip planes 
than do the close-packed hexagonal metals, individual crystals of the 
body-centered cubic metals in general have considerably greater 
plasticity. Because these slip planes are less regular and less densely 
packed with atoms than those of the face-centered cubic metals, 
individual crystals of the body-centered cubic metals ordinarily require 
higher shearing stresses to initiate slip, but withstand less extensive 
permanent deformation in advance of fracture. In general, then, the 
body-centered cubic metals, such as a-iron, a-tungsten, molybdenum, 
and ^-brass, are intermediate in plasticity between the face-centered 
cubic and the close-packed hexagonal metals. 

7-17. Slip in Other Crystal Structures 

Like the body-centered cubic metals, the other metals whose crystal 
structures are not close packed are generally expected to be inter¬ 
mediate in plasticity between the face-centered cubic metals and the 
close-packed hexagonal ones. Actually, however, their plasticity is so 
strongly dependent on the complexities of their crystal structures that 
any generalization about them is rather uncertain. Thus, j8-tin, which 
is body-centered tetragonal, deforms very easily by slip on the {110} 
planes in a <100> direction and has an extremely high degree of 
plasticity, a-manganese, on the other hand, has a complex cubic 
structure, and is extremely brittle. 

Valence-type crystals—including antimony, arsenic, bismuth, 
silicon, a-tin, selenium, and tellurium—and intermetallic compounds— 
whether formed by ionic or by covalent bonding—are in general 
completely brittle. Slip cannot be expected to occur at all except in 
crystals formed by metallic bonding, and even in them it is sometimes 
both difficult and limited in extent. 

7-18. Progress of Slip in a Single Crystal 

Involving as it does a limited displacement of planes of atoms 
relative to each other, slip occurs on a scale of dimensions so small that 
its mechanism cannot be observed directly by any means now available. 
However, its results can be observed in the overall changes in the 
dimensions of the crystal, in the appearance of slip bands on its sur¬ 
faces (discussed below), and in the changes in physical and mecha¬ 
nical properties that always accompany permanent deformation of 
a metal. To be acceptable at all, any explanation of the mechanism 
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of slip must be consistent with its observed results, as well as with the 
known facts of crystal structure and the basic principles of crystal 
mechanics. 

Microscopic observation of slip bands is particularly enlightening 
with regard to the progress of slip in metals; in fact, it is the principal 
basis for accepting slip as the major process of their permanent deforma¬ 
tion. 

A slip band is a microscopic line on a free metal surface; it is the 
visible trace of the intersection with that surface of an active slip plane 
or a cluster of such planes. As is illustrated in Fig. 7-12, the linear 
displacement by slip of one part of a crystal relative to the rest of the 
same crystal produces a small offset, or step, on a free surface. The 
difference in elevation between the adjacent surfaces separated by such 

an offset is necessarily very small. 
However, the sloping surface re¬ 
presenting the slip plane or planes 
is often visible as a dark line cross¬ 
ing the crystal, because, unlike 
the flat surfaces on either side, it 
does not reflect vertical incident 
light back into the lens system of 
the microscope used to examine it. 

If, then, a substantially flat 
surface is prepared on a metal 
specimen by mechanical polish¬ 
ing or any other means, and the 
specimen is then permanently deformed, slip bands will appear on the 
polished surface. As deformation continues and additional slip planes 
become active, the surface becomes marked with increasing numbers 
of slip bands. Finally, if deformation is very extensive, the slip bands 
broaden and become so closely spaced that they are unresolvable as in¬ 
dividuals by the optical microscope. If slip is confined to planes of one 
set only, as it ordinarily is in hexagonal metals, then all the slip ban^ 
within any given crystal are parallel—although, of course, they differ in 
orientation from one crystal to the next. If more than one set of planes 
become active in a given crystal, intersecting sets appear; m face- 
centered cubic metals it is common to find two or even three sets of shp 
bands, representing slip on two or three different sets of octahedral 
planes. In face-centered cubic and close-packed hexagonal crystals, 



Fio. 7-12. Direct and Scattered Reflec¬ 
tions from a Vertically Illuminated Metal 
Surface Crossed by Slip Bands. 
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the slip bands are straight lines except where a slight lateral offsetting 
has occurred when an intersecting set of slip planes became active. 
In a-iron and other body-centered cubic metals, however, the slip 
bands are often wavy, apparently because m a body-centered cubic 
structure slip can shift rather easily from one set of planes to another in 
response to minor inhomogeneities either in the crystal itself or in the 
stresses developed within it. 



Fig. 7*13. Slip Bands at 500x. (d) In unetched a>brass (face-centered cubic); 

(^) in unetched a-iron (body-centered cubic). 

There are something like 100,000,000 potential slip planes per 
linear inch measured along the surface of an average metal crystal. 
If slip were to occur by a displacement of, say, one, two, or three inter¬ 
atomic distances along each of these planes, a very great amount of 
permanent deformation could be accomplished without producing 
anywhere a vertical offset on the surface of the crystal high enough to 
be visible as a slip band. Instead, slip seems ordinarily to occur by 
displacements much greater than this along only a small proportion of 
the available planes, so that rather widely spaced visible bands are 
produced. However, Heidenreich’s electron-microscope studies of slip 
in aluminum crystals<> indicate that a slip band is not produced by 
displacement along a single slip plane, but rather by approximately equal 
displacements along a whole series of parallel planes which are about 
200 A (roughly 100 interatomic distances) apart. Apparently slip occurs 
by a sudden linear displacement of about 2000 A on one plane, ceases 

* R. D. Heidcnreich, “Electron Metallography,” Bell Laboratories Retard, March, 1932 
pp- 101-105. * 
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on that plane, is repeated on a second plane about 100 atoms away, 
ceases there, is repeated on a third plane, etc. Similar behavior has been 
observed in nickel and lead, and probably in magnesium.”^ The fact 
that higher magnification with an optical microscope usually reveals 
slip bands that were invisible at lower magnifications suggests a varia¬ 
tion in the extent of displacement from one slip band to another, and 
this is indicated also by variations in the extent of lateral offsetting 
which occurs in the slip bands of one set where they are crossed by a 
second set. According to Heidenreich’s observations, a greater displace¬ 
ment along a single slip band results not from greater displacement 
along a single slip plane, but rather from approximately equal 
displacements along a greater number of closely spaced parallel planes. 
An incidental corollary of this is that slip bands should broaden as 
deformation continues, and apparently they do—although, at the 
magnifications available with an optical microscope, they are never 
resolvable except as lines. 

In a single crystal, then, the sequence of events as slip occurs is 
probably this: at relatively low stress, and often at less than 1% of 
permanent strain,^ the first visible slip bands appear. Each slip band 
represents a limited amount of displacement along each of a succession 
of potential slip planes spaced perhaps 100 atoms apart. At first, if stress 
is reasonably uniform across the crystal, the slip bands are quite widely 
separated and seem to be completely random in their spacing. As strain 
continues, at steadily increasing stress, each slip band broadens a little, 
and new slip bands appear randomly spaced among them. The number 
of visible slip bands increases in approximate proportion to the extent of 
strain, and of course their average linear separation diminishes accord¬ 
ingly. If deformation is extensive, and particularly if loading alternates 
between tension and compression, the slip bands may finally be so 
closely spaced that they are not distinguishable as individuals under 
the optical microscope. However, the electron microscope reveals 
that even when deformations are very drastic, only a relatively small 
proportion (probably less than 1%) of the potential sUp planes have 
become active in slip, and that the active slip planes in a given set 
are separated by distances of not less than about 100 interatomic 

distances. 

7 R. D. Heidenmch, “Structure of Slip Bands and Cold-Worked Metal,” Cold Working 

of Metals, Cleveland, American Society for Metals, 1949, pp. 57-64. 

« D. Hanson, “The Creep of Metals,” Trans., A.I.M.E., 1939, vol. 133, pp. 15-57. 
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From the general descriptions of slip given above, there arise many 

questions concerning the detaUed mechanism of sUp. For examp e. 
—Why does slip occur on one plane in preference to its immediate 
neighbor which is supposedly identical with it? Why does shp cease on 
any given plane after only a hmited displacement has occurred along 
it^ Why does it then recur on some other plane relatively remote from 
the first, but only at higher stress? Why and in what ways are the 
properties of a metal altered because slip has occurred within it. These 
and many other questions must be answered before the mechanism of 
slip can be clearly understood. However, their intelligent discussion 
must await the answer to a still more fundamental question that is 
basic to them all. Why does slip take place at the low stresses at which 

it is actually observed to occur? 

In the classical description of the slip processes, it is assumed that 
slip occurs by the translation of one layer of atoms, moving as a unit 
parallel to an adjacent and similar 
layer of atoms, and that the 
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Fio. 7-14. Progress of Slip in a Single 

Metal Crystal. 


motion is accomplished without 
significantly disturbing the atomic 
arrangement in either layer. Such 
a mechanism of slip was tacitly 
assumed in the sketches in Fig. 7-5, for slip of one interatomic distance. 
However, consideration of the shearing forces actually required to 
produce slip indicates that this assumption is badly in error. 

If just one atom in the row immediately above the slip plane in 
Fig. 7-5 is considered—for example, that at point b in Fig. 7-14—the 
force picture can be considerably simplified. As slip occurs along the 
plane shown, the atom at b must at first be forcibly displaced from its 
original position above atom 2. But when it has been sufficiently 
removed from its original location, it will continue its motion spon¬ 
taneously in order to assume the next available equilibrium position, 
ate. Its new position, just above atom 3, was of course occupied previously 
by some other atom, which must have undergone a similar and simul¬ 
taneous displacement toward point d, replacing another atom which 
has moved on toward e, etc. According to the classical picture of slip, 
every atom in the plane immediately above the slip plane must be 
similarly displaced at the instant slip occurs. 

If Hooke’s law is even approximately correct, the force required to 
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move an atom from point b to point c (Fig. 7-14) must vary according 
to some curve of the type shown in Fig. 7-15. As an atom is removed 
from its equilibrium position, a restoring force is developed which 
requires a continuous increase in the applied force in order to continue 
the motion of the atom. However, as the atom approaches a point 
midway to the next equilibrium position, it encounters a rapidly 
increasing attractive field that opposes the forces tending to return it to 
point b. Therefore, the external force necessary to continue its move¬ 
ment diminishes suddenly, and is zero when the halfway point is 

reached. Thereafter, attraction 
toward point c is the force which 
predominates. (Here the sign of 
the applied force required to con¬ 
tinue slip is considered negative, 
since continued movement of the 
atom toward point c is sponta¬ 
neous.) This attraction increases 
rapidly with additional move¬ 
ment toward c, to a maximum 
value just beyond the halfway 
position—and just beyond the 
strong attractive field of its origi¬ 
nal position. Then it diminishes 
according to a curve which is symmetrical with that for the first half 
of the displacement cycle, but opposite in sign. The complete force 
cycle will be repeated exactly if the same or a similar atom is sub¬ 
sequently moved from c to d, from d to etc. It will also be repeated, 
but with the sign of the force changed, if the atom is moved in the 
opposite direction—from c to 6 or from b to c, etc. 

The maximum shearing force which must be applied to move a 
single atom from one equilibrium position to the next is represented by 
the maximum in the curve in Fig. 7-15. The magnitude of this maximum 
has been calculated and actually measured by a variety of methods. It 
is, of course, a very small force. However, if the classical description of 
the slip process is correct, then as the atom considered above moves 
from point b to point c (Fig. 7-14), another atom must move simul¬ 
taneously from c to d, a third from d to a fourth from e to/, and so on, 
not only throughout the row of atoms sketched but also along every 
row that is parallel to it and in the same plane. The product of the small 
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Fio. 7-15. Force Cycle for One Atom 
Translated by Slip Through One Inter¬ 
atomic Distance in a Metal Crystal. 
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force required to move one atom multiplied by the very large number of 
atoms which must move simultaneously is a relatively large force per 
unit area of slip plane. This product represents the shearing force 
theoretically required to produce slip by the classical mechanism. 

Experimentally it is found that detectable permanent deformation 
occurs and visible slip bands appear in response to shearing loads much 
lower than those which, according to calculations of the type described 
above, should be required for slip. Thus, an apparently conservative 
calculation by Seitz^ indicates that a shearing force of 3.5 x 10^ dynes 
per square centimeter should be required to produce slip by this 
mechanism in a single crystal of zinc. The force thus calculated is 
somewhat more than 1000 times as great as that actually required to 
cause detectable slip in pure zinc. The discrepancy between calculated 
and observed values of critical shearing stress for slip is of the same order 
of magnitude for most other pure metals,and is often still greater for 
alloys. Certainly it is sufficient to indicate beyond question that the 
classical picture of the slip mechanism, in which one plane of atoms is 
assumed to move as a unit over the adjacent plane, is deficient in some 
very important respect. 

7-20. Slip by Movement of a Dislocation 

It is the necessity of explaining the occurrence of slip at the relatively 
low stresses at which it is actually observed to occur that has led to the 
development of the theory of dislocations outlined in Section 5-12. The 
principal basis for general acceptance of the theory is as follows: It is 
evident from direct observation of slip bands that slip actually does 
occur, and that it is the principal process of permanent deformation in 
metals. However, it is also evident from the magnitude of the forces 
required to produce slip that it does not occur by simultaneous move¬ 
ment of all the atoms adjacent to a given slip plane. Therefore it must 
be concluded that slip occurs by some means that involves displace¬ 
ment of only a relatively small number of atoms at any given instant. 
The simplest means thus far suggested that could produce slip in this 
way is movement across the crystal of a wave of displacement (which, 
as will become evident, is actually a dislocation). Ultimately, this 
produces the same deformation that would have resulted had the plane 

® F.Seitz, 0 /A/rtoit, New York, McGraw-Hill Book Company, Inc., 1943. 

10 W. Shockley, "Dislocation Theory," Cold Workini of Metals, Cleveland, American 
Soaetyfor Metals, 1949, pp. 131-147. 
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of atoms moved as a unit. But it does so at much lower stress, because 
the force required at any given instant to propagate a wave of displace¬ 
ment is that required to displace only a small fraction of the total 
number of atoms present in the plane along which slip occurs. 

The general nature of this wave of displacement, and its effect in 
permanently displacing one part of a crystal relative to the rest, are 
illustrated schematically in Fig. 7-16.li from Fig. 7-16f it is evident that, 



Fic. 7-16. Progress of Slip as a Wave of Displacement (Here a Positive 
Dislocation) Moving Across a Crystal from Left to Right, (a) The unstressed 
crystal; ib) origin of wave of displacement at crystal surface; (c) progress 
of wave of displacement across the crystal; (d) dissipation of wave of dis¬ 
placement at opposite crystal surface, completing slip of one interatomic 

distance. 



(a) (i) (c) (d) 

Fig. 7-17. Progress of Slip by Movement of a Negative dislocation Across 
the Crystal from Right to Left, (a) The unstressed crystal; {b) origin of 
negative dislocation at crystal surface; (c) progress of dislocation across the 
crystal; (rf) dislocation disappears at opposite crystal surface. 

as it passes through the crystal, the wave of displacement is actually the 
crystal imperfection previously described {e.g., in Fig. 5-12) as a dislo¬ 
cation. In this case the dislocation shown is a positive one, and moves 
across the crystal from left to right. From Fig. 7-17 it is evident that 
exactly the same deformation could be produced by a negative disloca¬ 
tion moving across the crystal in the opposite direction. Further, if as 
has frequently been postulated—dislocations originate in pairs and 

II Here and in subsequent sketches, purely elastic deformation of the 
which necessarily results from shearing forces great enough to produce slip on the plane 
indicated—is neglected in order to simplify the figures. 
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within the crystal instead of at its surface, then the same total displace¬ 
ment could occur by the movement of a positive dislocation from its 
point of origin toward the right, while a negative dislocation moved 

simultaneously from the same 
point of origin and along the 
same plane, but in the opposite 
direction. This possibility is illus¬ 
trated in Fig. 7-18. 

These three figures represent 
the progress of a dislocation across 
only one of many adjacent planes, 
all of which are normal to the 
active slip plane in the crystal 
being deformed. The same effect 
must also occur at the same time 
on a long series of other planes parallel to that shown, if slip is to occur 
simultaneously across the entire section of a crystal or an appreciable 
fraction of its section. 

In the present theory of slip, it is almost universally assumed that 
the mechanism is always progression of a series of dislocations, cither 
positive or negative or both, across the slip plane. 


Fio. 7-18. (a) Origin of Adjacent Posi¬ 

tive Dislocation (Indicated by J,) ^*^d 
Negative Dislocation (Indicated by T) 
Within a Crystal; (i) Positive Disloca¬ 
tion Moves to Right and N^ative 
Dislocation to Left Along the Same Plane". 


7 - 31 * Shearing Force to Move a Dislocation 

The major accomplishment of the theory of dislocations is that it 
makes possible a rational explanation of the occurrence of slip at 
relatively low stress, once dislocations have been created on a potential 
slip plane. 

Suppose, for example, that a positive dislocation exists along a 
potential slip plane of a metal crystal stressed in shear. The atoms at 
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Fic. 7-19. Region of a Positive Dislocation Within a 

Metal Crystal. 

points a and k (Fig. 7-19) are just outside of the region of dislocation. 
If they moved by slip into new equilibrium positions immediately above 
atoms 2 and 11, each in doing so would pass through the normal force 
cycle represented in Fig. 7-20. However, because of the existence of a 
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dislocation, the atom at b (Fig. 7-19) is already at point b (Fig. 7-20) in 
its force cycle before relative motion along the plane has begun. At the 
same instant the atom atj (Fig. 7-19) is at pointy (Fig. 7-20) in its force 
cycle, and requires for its further translation exactly the force provided 
by the atom at b in its spontaneous effort to move into an equilibrium 
position immediately above atom 2. Considering atoms b and j as a pair, 

the balancing of negative and 
positive forces allotvs both atoms 
to be moved from left to right 
(or, if loading were reversed, from 
right to left) under the influence 
of an extremely small shearing 
load. Similarly, the negative force 
developed by atom r in its attempt 
to move into the next equilibrium 
position exactly balances the 
positive force required to displace 
atom i a little farther from its 
original equilibrium position. A 
similar balance occurs between 
the forces needed to move atoms d and A, and atoms e and g; atom 
/—at the center of dislocation—moves alone at very low stress. 

In the region of a dislocation, then, there occurs a balancing of the 
positive and negative forces required to move atoms which are already 
systematically displaced from their equilibrium positions, and so are 
out of phase in their force cycle. This makes possible a further displace¬ 
ment of these atoms as a group, in response to shearing forces so low 
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Fig. 7-21. The Same Rows of Atoms Shown in Fig. 

7-19, After Movement of the Dislocation Through 
One Interatomic Distance. 
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Fig. 7-20. Forces Required for Atomic 
Movement in the Region of Dislocation 
Shown in Fig. 7-19. 


that elsewhere in the crystal they can produce only elastic deformation. 
Displacement of atoms in this way does not eliminate the dislocation 
but does change its position, as is illustrated in Fig. 7-21. Once formed 
therefore, a dislocation can move across the crystal at very low stress, 
and probably at very high velocity. In doing so it produces an actual 
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displacement of one part of the crystal relative to the rest, as was 
illustrated in Section 7-20, and so accomplishes slip. 

7-a2. Origin of Tnirial Slip 

As is evident from an observation of slip bands in a single crystal 
loaded to just above its elastic limit, slip occurs first on one or just a 
few randomly located planes within the crystal. It does this at sur¬ 
prisingly low stress, which suggests that slip takes place most readily 
on those planes of a potential slip system that are most imperfect, and 
hence least firmly bound to adjacent planes of the same set. 

In the past there has been no general agreement as to what type or 
types of imperfections must exist on these planes in order to reduce 
their resistance to the slip process. However, most authors have 
postulated the existence and the effectiveness of small inclusions of 
foreign matter, or of lineage or mosaic structures, or of some other 
minute irregularity in the crystal, which might serve as a notch to 
localize shearing stress on the one plane or group of planes that slipped 
first. According to this reasoning, later slip—at a somewhat higher 
resolved shearing stress—would occur on planes where fewer imper¬ 
fections existed or where those present were less effective in concen¬ 
trating stress, and the most nearly perfect planes of the set would be 
the last to slip. Essentially this same view is still accepted, although 
modified to conform with the theory of dislocations which seems basic 
to an explanation of the progress of slip, and must be equally so in 
connection with its beginning. 

One means of correlating dislocations with the initiation of slip is 
to assume that large numbers of dislocations are normally present 
within any metallic crystal, and that the first plane to slip is the one 
along which there happens to be the greatest concentration of disloca¬ 
tions. Unfortunately this reasoning seems to fail in several important 
respects. To produce a displacement by slip of one interatomic distance 
requires dissipation at the surface of the crystal of one dislocation which 
has moved entirely across the crystal, or of two dislocations of opposite 
sign which have traveled from some internal point to opposite surfaces 
of the crystal. To produce a displacement of a thousand interatomic 
distances, which seems to be about the normal extent of slip on a single 
plane, would thus require dissipation of either one thousand or two 
thousand dislocations. As was described in Section 7-18, deformation of 
a metal crystal is often so extensive that slip bands become almost 
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infinitely numerous on its surfaces; yet at this stage each microscopically 
visible slip band may represent slip on hundreds of individual planes. 
Such an explanation of initial slip would, then, require that in every 
normal metallic crystal a tremendous number of dislocations be initially 
present to be eliminated by slip, and that an approach toward crystallo¬ 
graphic perfection result from their dissipation as slip occurred. No 
evidence has been offered for the presence of dislocations in large 
numbers in an unstrained crystal, no reason is apparent for their normal 
existence there, and the available evidence suggests an increase in the 
number of dislocations as slip occurs, instead of a reduction. Further, 
this basic reasoning is incompatible with Heidenreich’s observation that 
substantially equal displacements occur along all active slip planes, 
and also with certain other observed facts of metal behavior. Therefore, 
nearly all modern authors accept the opposite view, that dislocations 
are not present in an unstressed crystal but are generated in it when 
stress rises above the elastic limit. Moreover, it is widely believed that 
dislocations must initially be formed in greatest numbers on the planes 
along which visible slip occurs first, and that there must be present on 
those planes imperfections which for some reason are particularly 
effective in generating dislocations. 

It is now generally agreed that thermal fluctuations within a metal 
are incapable of producing dislocations in significant numbers and that, 
as was mentioned in Section 5-12, dislocations must originate principally 
in response to shearing loads. To generate dislocations, then, a crystal 
imperfection must be of a type that is effective in concentrating shearing 
loads on specific planes. It must be a relatively permanent feature of 
the crystal structure, in order to generate a thousand or more of them 
in quick succession along the same active slip plane. Further, it is a 
common observation that in single crystals of any given metal which 
have not previously been deformed, detectable slip always begins at 
very nearly the same critical value of the resolved shearing stress. This 
requires that there be a truly remarkable degree of uniformity from 
one crystal to another in the nature, number, and distribuUon of 
imperfections capable of generating dislocations, and that this uni¬ 
formity always exists in spite of wide variations in the methods used to 

prepare single crystals. 

It is difficult to settle upon any single type of crystallographic 
imperfection that satisfies all the requirements implicit m the preceding 
paragraph. It has usually been postulated that dislocations originate 
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in stress concentrations at grain boundaries, mosaic boundaries, im¬ 
purity atoms, etc—all of which are common and relatively permanent 
crystal defects—or at voids or microcracks within metal crystals. More 
recently, however, rather general agreement has developed that some¬ 
thing in the nature of a Frank-Read dislocation generator must be present 

on any slip plane that becomes active. 

Briefly, the Frank-Read generator is a dislocation “anchored” in 
position at one end or at both ends, but free at its other end or in its 
central region to move along the slip plane in response to an applied 
shearing load. In the simplest case, one end of the dislocation is fixed in 
position by a local stress concentration, intersection with other disloca¬ 
tions, impurity atoms, a change in plane, or some other crystallographic 
abnormality. The rest of the dislocation, to move at all, must pivot 
around this fixed point, producing slip of one interatomic distance with 
each revolution as it pivots. The interaction of two spirals of this type— 
eflTcclively, a dislocation anchored at both ends—would create a series 
of loops surrounding and expanding away from the pivot points. Each 
loop would represent a closed curve of dislocation, and each in its 
passage through the rest of the crystal would accomplish slip of one 
interatomic distance. 

Although much of its detailed mechanism remains to be explored, 
the Frank-Read generator seems plausible as a “self-perpetuating 
source of dislocadons.”^2 Some experimental evidence is now available 
that generators of this general nature may indeed exist. 

7-23. Cessation of Slip on an Active Slip Plane 

Perhaps the most remarkable aspect of metal deformation by slip 
is the very fact that it can occur within a crystal without resulting in 
fracture of that crystal. Intimately related to the possibility of slip 
without fracture is the second remarkable fact that slip on any given 
plane is ordinarily self-stopping; i.e., once begun on that plane, slip 
continues for only a limited distance (say, 1000 lattice parameters) and 
then ceases. Although the evidence on this point is not conclusive, it 
seems that once slip has occurred and stopped on any given plane, liiat 
plane is never capable of slipping again {at least until subsequent heat 
treatment has restored the metal to essentiaUy its initial condition). 
Instead, at continuously increasing stress there occurs a continuous 

1953^ New York, McGraw-Hill Book Company, Inc., 
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transfer of slip from one potential slip plane to another. Each in turn 
undergoes a similar cycle of displacement and seizure, until at last the 
shearing force required to produce slip on the next potential slip plane 
has a tension component that, somewhere in the crystal, exceeds its 
ultimate strength, and further transfer of slip is halted by fracture. 

It is extremely fortunate that seizure finally occurs to terminate 
slip on any given plane. If it did not, once slip had begun on a par¬ 
ticular plane, cohesion would be maintained, but slip would continue 
on that plane at constant or perhaps reduced load until one part of the 
crystal slipped free of the rest, just as a playing card slides off the deck. 
Initiation of slip would, then, be equivalent to fracture, and if metals 
behaved in this way they would be as brittle as the nonmetals in which 
slip itself is impossible. 

7-24. Slip-Interference Theories of Strain Hardening 

As slip is repeated on a succession of planes in any given crystal, 
progressively higher stress is required to make it recur. The resistance 
of the crystal as a whole to permanent deformation increases, and it is 
said to strain harden or work harden’, i.e., its hardness (and many of its 
other properties) is increased as a result of the strain it has undergone. 
Strain hardening is related very closely to the seizure that terminates 
slip on any given plane, and the two are usually discussed together. 

Because they are so important in controlling the plasticity and 
toughness of metals, seizure and strain hardening have been the subjects 
of a great deal of study—and of even more speculation. Many theories 
concerning their mechanisms have, of course, been advanced. Most of 
the modern ones can be grouped together as slip-interference theories', they 
hinge upon the idea that slip along a given plane creates imperfections 
on that plane which mechanically obstruct slip and so make its progress 
continuously more difficult. A variety of imperfections has been 
proposed in various theories. However, most of the theories themselves 
have been developed from different interpretations of the same X-ray 
diffraction evidence mentioned previously in connection with mosaic 
structure (Section 5-13). 

In many metal crystals which were initially almost perfect, it has 
been observed that a small amount of permanent strain (frequently less 
than 1%) produces a marked increase in line width in the X-ray 
diffraction pattern of the crystal. With increasing strain, the line 
width approaches a maximum value, and thereafter does not increase 
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significantly with further deformation.*^ This effect is usually interpreted 
as indicating that slip has produced a highly localized fragmentation of 
each crystal along each active slip plane, the fragments then rotating 
through small angles about that plane. Occasionally it has been 
postulated that this represents the shearing off of small particles from 
the opposite surfaces between which slip has occurred, these particles 
serving as wedges to hinder further motion along that particular slip 
plane. More commonly it has been suggested that the diffraction effect 
indicates a shattering of the crystal into mosaic blocks, slip then being 
impeded by slight disregistries in active or potential slip planes as they 
pass from one block to the next. Further strain would increase the 
number of mosaic blocks—i.e., the proportion of each crystal frag¬ 
mented in this way—without significantly altering their average size or 
the scattering among their individual orientations. Alternatively, 
instead of an actual shattering of the crystal, the increase in line width 
may be assumed to represent severe elastic distortion along certain 
planes within each crystal, which might again block slip mechanically 
along these planes. 

Undoubtedly some effect of this type usually accompanies per¬ 
manent strain, and evidence for the development of mosaic structure 
by permanent deformation is very convincing. However, serious doubt 
is cast upon any mechanical slip-interference theory by the following 
observations: (1) In at least a few metals that strain harden readily, 
the crystallographic distortion which results from permanent deforma¬ 
tion is negligible.*** (2) In some metals in which the diffraction pattern 
after straining suggests that a high degree of fragmentation or crystallo¬ 
graphic distortion has occurred, it is possible by careful heat treatment 
to eliminate almost completely the strain hardening which has occurred, 
and to do so without appreciably changing the diffraction pattern of the 
metal, i.e., without eliminating whatever crystallographic disturbance 
was created by the slip process and was responsible for the line broaden¬ 
ing. (3) Alternatively, at least in the case of tungsten,* 5 it is possible by 
appropriate heat treatment to restore line sharpness in the diffraction 

pattern completely without appreciably reducing the extent of strain 
hardening. 


The conclusion seems inescapable that the shattering of the crystal, 

W S' I' Slruclure of MttcU, New York, McGraw-Hill Book Company Inc 1943 
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or the keying of its slip planes by crystal fragments or by elastic warping, 
or any other mechanical imperfection postulated in the various slip- 
interference theories, is not the principal cause of the seizure of slip 
planes and the strain hardening of metals. Undoubtedly development 
of mosaic structure is at least usually concurrent with seizure and strain 
hardening, and it is probably a related occurrence. However, a cause- 
and-elfect relationship seems most unlikely. It seems necessary, then, 
to discard the simple slip-interference theories, at least in their present 
form, and to develop a dislocation theory for seizure and strain harden¬ 
ing. Such a theory must of course be consistent with the fact that these 
effects are usually accompanied by crystallographic disturbances which 
are detectable as line broadening in the X-ray diffraction pattern, but 
the theory should not be directly dependent on the creation of such 
disturbances. 

7-25. Dislocation Theory of Strain Hardening 

Since the theory of dislocations is not itself fully developed, or 
adequately documented by experimental data, any explanation of 
strain hardening that is based upon the dislocation theory is necessarily 
speculative. However, for a consistent view of the deformation mechan¬ 
ism in metals such an explanation is obviously necessary. Further, 
while it is unsatisfying in some respects, the dislocation theory of strain 
hardening is certainly no more so than the other strain-hardening 
theories which have thus far been offered. 

The simplest explanation of strain hardening in terms of disloca¬ 
tions is based upon the assumption that dislocations exist in large 
numben in every ordinary metal crystal, and that they are successively 
eliminated from it as slip occurs. If this were the case, deformation of 
the crystal should bring its internal structure more nearly to perfection, 
and so should increase its slip resistance toward the theoretical value. 
Certainly dislocations must be dissipated at its surfaces to produce a 
permanent change in the shape of the crystal. However, as was brought 
out in Section 7-22, the basic assumption that a multitude of dislocations 
is initially present in every normal crystal seems insupportable. There¬ 
fore, most present theorizing concerning strain hardening is based 
instead upon the assumption that the dislocations responsible for 
slip are created as slip occurs, and that strain hardening results 
from a continuous increase in resistance to their passage through the 

metal. 
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7-26. Stress Field of a Dislocation 

Detectable slip on any given plane must involve progression of a 
large number of dislocations across it, and anything that impedes their 
passage must make slip more difficult. For example, the crystallographic 
disturbance created by a misfit foreign atom would be expected to 
interfere with propagation of a dislocation through the region imme¬ 
diately surrounding that atom. In fact, the shearing stress required to 
initiate slip is considerably greater for a solid solution than for the 
pure metal upon which it is based. Grain boundaries, lineage structures, 
even lattice vacancies should have a similar effect, and undoubtedly 
they do. However, while their presence increases initial resistance to 
slip within the crystal, there is no evident reason why their efficiency 
in impeding slip should increase as deformation proceeds. Except for 
mosaic structure, which has already been eliminated from considera¬ 
tion in this regard, and dislocations themselves, none of the common 
crystal defects are created by the slip process or exaggerated by it. 
Therefore, while their presence may significantly increase the elastic 
limit of a crystal, it seems most unlikely that the obvious crystal imper¬ 
fections are directly responsible for its strain-hardening behavior. 

The explanation of strain hardening is now usually sought in some 
interaction among dislocations created during the slip process, which 
causes them to “get stuck” within the crystal instead of moving freely 
through it. One possibility discussed by Read,i6 is that dislocations 
which are not coplanar may intersect in their progress through the 
crystal, creating a serious crystallographic disturbance that interferes 
with the further motion of each. More commonly, however, the explana¬ 
tion has been based upon the possible creation of a dislocation lattice 
as a result of the local stress fields that surround dislocations. 


Stress Field of a Dislocatieii 

In the region of a positive dislocation, an extra atom is present in 
each row just above the plane of dislocation. Interatomic spacing is 
reduced locally to less than its equilibrium value, and so compressive 
stress^ developed. The maximum intensity of the compression field is 

the compressive stress diminishes 
with distance from this point in both directions along the row, and also 
in successive rows above it. 

beW immediately 

below the plane of a positive dislocation has a deficiency of one atom 

W. T. Read, Jr., op. at. 



228 


Deformation of Metals 

In its attempt to conform to the length of an upper row that contains 
an additional atom, the lower row develops a tension field which 
diminishes in intensity with distance from the center of dislocation, 
both along the row and below it. 

A positive dislocation, then, is necessarily accompanied by a tiny 
compression field in the region above the center of dislocation, and a 
corresponding tension field in the region below it. The stress pattern 
around a negative dislocation is similar except that the positions of its 
tension and compression fields are reversed. 

7-27. Interactions Among Dislocations 

If a stationary positive dislocation were closely approached by a 
second positive dislocation moving along the same plane, there would 
occur reinforcement of the compression and tension fields of the two, as 
a result of the further crowding of already crowded rows of atoms above 
the common plane of dislocation, and the further spreading apart of 
atoms in the rows beneath it. This would increase the distortional energy 
of the crystal, and so the approach of one positive dislocation would be 
resisted by the other. A similar effect would be produced by the approach 
of one negative dislocation toward another one in its own plane; in 
general, like dislocations repel each other. This is true even when the 
dislocations are not coplanar. Reinforcement of the compression and 
tension fields will occur above the upper dislocation and below the 
lower one, and so the mutual repulsion of similar dislocations is felt 
normal to the planes of dislocation as well as parallel to them. 

On the other hand, if a positive and a negative dislocation should 
meet on the same plane, they would cancel each other and each would 
disappear. Both above and below the plane of dislocation, an excess of 
one atom in each row would satisfy a deficiency of one atom in the 
same row, and the crystallographic distortion and stress fields accom¬ 
panying both 'islocations would be eliminated. This would decrease the 
free energy of the crystal, and so should occur spontaneously. Therefore, 
unlike dislocations attract each other. Again the interaction occurs 
normal to the plane of dislocation as well as parallel to it. Even when 
the dislocations are not coplanar, the compression field existing above a 
positive dislocation should reduce the intensity of the tension field above 
a negative one, and similar partial cancellation of compression and 
tension should occur in the region below the two. The more closely 
they approach each other, the less intense are the stress fields which 
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remain, and the lower the free energy of the system. Mutual attraction 
of unlike dislocations is, then, a general effect. 

7-28. Development of a Dislocation Lattice 

Slip in a given crystallographic direction can occur by movement 
either of positive dislocations in that direction, or of negative disloca¬ 
tions in the opposite direction, or of both simultaneously. Little is 
known about the mechanism by which dislocations are formed or the 
defects at which they originate, and so in any given case there is no 
sound basis for deciding in which of these three ways slip has occurred. 
However, it seems reasonable to assume that defects capable of generat¬ 
ing dislocations are more or less uniformly distributed within each 
crystal or throughout its surface layers, and that—according to their 
geometry and chance location—various defects will produce both 
positive and negative dislocations within the same crystal, at the same 
time, and in response to the same shearing load. Probably, then, as slip 
occurs in any given crystal, both types of dislocations are present and 
are moving simultaneously in opposite directions across the crystal. 
If this is the case, there is also a definite probability that a positive 
dislocation moving along one plane will encounter the stress field of a 
negative dislocation moving along some nearby plane. Additional force 
will then be required to overcome the attraction of each dislocation for 
the other, in order for them to separate and continue their opposite 
motions. The increment of load necessary to free the “stuck” disloca¬ 
tions represents strain hardening. 

The probability of such a chance encounter is increased as, with 
additional strain, more dislocations of both types appear within the 
costal. Further, it seems that there may be a natural tendency for 
dislocations of opposite sign to appear along adjacent active slip planes. 
It is usually assumed that the compression and tension fields of a 
dislocation are limited in their extent by a progressive reduction in the 
degree of clastic distortion along successive rows of atoms above and 
below the plane of dislocation. It is also true, however, that the distor¬ 
tion associated with a dislocation could be abruptly terminated, and 
confined to a smaUcr volume of metal, by the appearance of a disloca¬ 
tion of opposite sign in its stress field. Thus, the compression gradient 
m the region above a positive dislocation should favor the formation 
there of a negauve dislocation whose compression field is below its own 
plane. Similarly, the tension gradient below a positive dislocation 
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should facilitate the appearance there of a negative dislocation whose 
tension field is between it and the positive dislocation. Conversely, 
stress gradients in the regions above and below a negative dislocation 
should reduce the applied shearing force required to produce two 
positive dislocations at these locations. This interaction distinctly 
increases the probability that dislocations of opposite sign will appear 
simultaneously on planes near each other in the crystal.*’ 

To explain strain hardening in terms of dislocations, then, it is 
now commonly assumed that permanent deformation of a metal crystal 
is accompanied by the creation within it of large numbers of dislocations 
of both signs. Because the stress fields of positive and negative disloca¬ 
tions attract each other, the dislocations tend to appear and to accumu¬ 
late within the crystal in a lattice-like array, probably resembling the 
arrangement of oppositely charged ions in a simple ionic-type crystal. 
To produce slip in a given direction, unlike dislocations must progress 
through the crystal in opposite directions. However, their separation is 
resisted by their attraction for each other; and as more and more 
dislocations accumulate in the dislocation lattice, each becomes more 
firmly bound to a fixed position by the attraction for it of neighboring 
dislocations of opposite sign. Movement of any single dislocation then 
requires additional force, and slip is more strongly resisted by the 
crystal. 

Since slip itself is localized on specific planes or closely spaced 
groups of planes, this is at first a local effect confined to the immediate 
vicinities of the planes which happened to slip at relatively low stress, 
and explaining the seizure which teminated their motion. But as slip 
recurs on other planes throughout the crystal, the dislocation lattice is 
created within a continuously more extensive volume of metal, and 
general strain hardening of the crystal results. 

Incidental Effects of the Dislocation Lattice 

The appearance of a dislocation lattice within a deformed crystal is 
postulated principally because it makes possible a coherent explanation 
of seizure in active slip planes and of strain hardening in general. Once 
such a concept is accepted for that purpose, it is also available to 
explain certain other rath^ mysterious aspects of the defiwrmation 
behavior of metals. 

17 Such an intcmcUon may alio be intimately reUted to the mcchaniim of twinning 
discussed in Section 7-3L 
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Heidenreich’s observations concerning slip bands in aluminum and 
other metals, described in Section 7-18, indicate that active slip on one 
plane must directly influence the possibility of slip on parallel planes 
some distance away. While location of the slip bands themselves seems 
to be random, he notes that within each band there is at least a statisti¬ 
cally regular spacing of active slip planes; apparently slip of something 
like 2000 A takes place on one plane, seizure occurs there, an approxi¬ 
mately equal displacement occurs on a second plane about 200 A away, 
and the process is repeated on a succession of parallel planes about 
200 A apart. Presumably the location of the first plane that slips within 
each region that later becomes a slip band is determined by chance in 
the nature of the crystal imperfections present and their location 
relative to the external load. Consistent repetition of the slip process on 
regularly spaced planes near the first one can hardly be accidental; it 
must in some way be influenced by the fact that slip has already occurred 
on a parallel plane about 200 A away. It may be that the stress field of 
a positive dislocation, for example, is of such a nature that it b particu¬ 
larly favorable to the creation of negative dislocations at points about 
that distance above and below its own plane, and vice versa. This in 
turn may imply that if slip on the first plane results from movement of, 
say, positive dislocations, then slip on the next plane would be accom¬ 
plished by negative dislocations moving in the opposite direction, on the 
third by positive ones, etc. Much further speculation and many different 
theories are possible concerning the phenomenon of slip on regularly 
spaced planes. As the point of departure for such theorizing, however, 
no matter what its further details, it seems reasonable to assume that 
periodicity in the spacing of active slip planes is a reflection of periodicity 
in the arrangement of dislocations within a dislocation lattice. 

It has frequently been suggested that the boundaries between 
individual blocks of a mosaic structure might represent regions of stress 
concentration at which dislocations are generated. In view of the 
discussion in Section 7-24, this now seems most unlikely. It is probably 
more reasonable to assume, instead, that it is the dislocations which are 
responsible for the mosaic structure. Thus it is believed that in a disloca¬ 
tion lattice successive planes of dislocation are occupied alternately 
by positive dislocations only and by negative ones only. Between a 
plane occupied exclusively by positive dislocations and a plane above 
it which is occupied by negative ones, there would exist a region of the 
crystal that is stressed in compression. Between the plane occupied by 
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negative dislocations and the next higher plane occupied by positive 
ones, (here would exist a layer of metal stressed in tension, etc. Through¬ 
out the region in which the dislocation lattice had been developed, the 
crystal would thus be subdivided into lamellae which alternately were 
stressed in tension and in compression. This might be expected to 
create some crystallographic disturbance detectable by X-ray diffrac¬ 
tion methods, although its nature could hardly be predicted until that 
of the dislocation lattice itself had been examined in detail. However, if 
the arrangement of dislocations should actually resemble that of ions 
in an ionic crystal, inhomogeneity in the stress field around each 
dislocation might result in undulations along the interfaces between 
adjacent oppositely stressed lamellae, and so in the lamellae themselves. 
A general crystallographic distortion of this type might well explain the 
diffraction effect associated with mosaic structure. It seems quite 
possible, therefore, that mosaic structure results from and is direct 
evidence for the existence of a dislocation lattice. 

In the few years which immediately followed the discovery of mosaic 
structure, it became fashionable to explain every aspect of metal 
behavior not already clearly understood in terms of mosaic structure. 
Most of the resulting explanations have, of course, since been forgotten. 
Dislocations have now assumed a similar role, and—as the above para¬ 
graphs may indicate—when assumption is heaped upon assumption, it 
becomes possible to explain almost anything in terms of dislocations. 
Nevertheless, it now seems that dislocations and the dislocation lattice 
are truly fundamental to the explanation of metal behavior, and that a 
certain amount of pure speculation concerning their properties and 
influence is justifiable. If for no other reason, some speculation of this 
type is valuable to stimulate the discussions, arguments, and finally 
the clear-cut experiments that will eventually establish the absolute 
facts of metal behavior. 

7-30* Mechanical Twinning 

It has thus far been tacitly assumed that slip is the only process 
capable of producing permanent deformation of a metal crystal. 
Actually, however, there is also a second process, called mechanical 
twinning (or simply twinning), that is sometimes important, although 
the extent of deformation produced directly by twinning is always 
quite small. 

Twinning seems to be a peculiarly systematic form of slip which 
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results in a change in orientation of one part of the crystal (the twinned 
part) relative to the rest of the same crystal. Within the twinned 
region the atomic arrangement is a mirror image across a separating 
plane called the twinning plane—o{ the structure existing in the balance 
of the crystal. It is as though a crystal segment to the left of the twinning 
plane in Fig. 7-22 had been rotated through 180° around a twinning 
axir, such as the diagonal line representing the twinning plane in that 
figure. (Such a rotation is, of course, physically impossible within a 
crystal, and there is no doubt that 
the mechanical twinning process \ 

in metals is a unique modification 
of the slip process.) 

In the simplest cases of twin¬ 
ning, the arrangement of atoms 
in the twinned region is the one 
that would appear if each plane 

of atoms parallel to the twinning ^ ^ ^ 

plane had undergone the, same Atom fnrwtnntdStgtpn ' 

amount of displacement relative n • • u u 

^ Fig. 7-22. Twinning by Homogeneous 

to the next plane of the same set. Shear. 

Thus, in Fig. 7-22, each atom in 


8Sd^ 

ODDO^ 



the first diagonal plane to the right of the twinning plane has moved 
parallel to the twinning plane a distance equal to \ an interatomic dis¬ 
tance along the direction of its motion. Each atom in the diagonal plane 
next removed from the twinning plane has also moved in the same 
direction exactly ^ an interatomic distance relative to the first plane, 
and so has been displaced a total of 1 interatomic distance relative to 
the slip plane. Each atom in the third plane has moved another ^ 
an interatomic distance relative to the second plane, or l-J interatomic 
distances relative to the slip plane, etc. Such a process is frequently 
summarized by saying that each plane of atoms parallel to the twinning 
plane has been displaced along its own plane to an extent that is pro¬ 
portional to its distance from the twinning plane. It is also described 
as a process of homogeneous shear, since, in response to a supposedly 
uniform shearing force, each plane of atoms in the twinned region has 
undergone an identical displacement relative to neighboring planes. 

Barrett ** has demonstrated that in certain crystal structures. 


Mechanisms of Translaiion, Twinning and 
oanding, Cold Workiitg of Mftals, aeveland, American Society for Melab, 1949, pp, 65-96. 
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including those of magnesium, zinc, cadmium, a-iron, a-tin, bismuth, 
and antimony, the geometry of a twinned crystal is such that twinning 
apparently could not have occurred by completely homogeneous shear. 
Some atoms in the twinned regions of these structures must have under¬ 
gone displacements differing both in magnitude and in direction from 
the movements of the rest. Even here, however, the macroscopic 
changes in dimensions which result from twinning in the crystal do 
correspond to the results of homogeneous shear; and so, for the purposes 
of this discussion, such crystallographic complications may safely be 
neglected. 

In many well-known minerals, such as quartz, fluorite, pyrite, and 
rutile, twinning commonly occurs during the original deposition of the 
material from a molten or aqueous solution, and its results are fre¬ 
quently evident in the external symmetry of idiomorphic crystals of 
such minerals. Among the metals, however, twins seem always to 
be produced by mechanical deformation,!^ so that the term “mechani¬ 
cal twin” is evidently appropriate. Further, in metals the twins arc 
evident only in the internal microstructures of the deformed crystals, 
never in their external symmetries. 

In a-iron, the only body-centered cubic metal known to form 
twins, impact loading is required to produce twinning at atmos¬ 
pheric temperatures. In most other metals—and even in a-iron at 
very low temperatures, or when alloyed with silicon, etc.—twins 
are also produced readily by the slower deformations involved in 
rolling, drawing, pressing, bending, and other common forming opera¬ 
tions. 

7-31* The Mechanism of Twinning 

Much of the reasoning previously presented with regard to slip 
applies to twinning as well. Twinning can occur only on certain families 
of planes, and by gross movements only in certain crystallographic 
directions. In face-centered cubic metals the twinning plane is always 
a {111} plane, in body-centered cubic crystals it is a {112} plane, in 
close-packed hexagonal crystals a {102}, and in rhombohcdral crystals 
an {011} plane .20 Evidently twinning can be produced only by shearing 
forces, and a certain rather definite level of shearing stress must be 

•9 Thu is generally believed to be true even of the annealing twins discussed in later 
sections. However, there is dis<^^reement on this point, as will subsequently be noted. 

20 C. S. Barrett, Strxtctuu of Mttals, 
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exceeded in order to produce twins in any given me^ or alloy. The 
critical shearing stress actuaUy required to create a t™ is far less than 
that which would be required for a twinning mechamsm involving 
movement of one plane of atoms as a rigid body past the next similar 
plane. Therefore, it is now generally agreed that twinning. Uke s p, 
must be accomplished by the progression of dislocations through the 

^ Whatever the type of deformation that produces it, formation of a 
twin always begins suddenly and always occurs very rapidly. In the 
stress-strain curve of a single crystal, twinning produces sharp, jagged 
irregularities, each representing a very sudden but very small permanent 
deformation of the crystal as a twin was created in it. In tin. the 
twinning process is accompanied by a crackling noise called the tin 
cry, and an audible click also accompanies the appearance of each 

twin in cadmium and certain other metals. 

Perhaps the most remarkable aspects of twinning are that the slip 
which produces it ceases on each active plane after a movement of only 
a fraction of an interatomic distance, and that substantially identical 
dis placements occur on all planes of a given set in the twinned region. 
Because twinning occurs so rapidly, it has usually been assumed that 
motion on all of these planes takes place simultaneously. However, it is 
at least as reasonable to assume that twinning occurs as an “avalanche 


of displacement, movement along one plane somehow triggering 
dbplacement along the next adjacent plane, which immediately 
initiates an identical process on a third plane, etc. This again suggests 
action at a distance, akin to that discussed with regard to normal slip, 
but involving more systematic and less extensive displacements along 
much more closely spaced planes. As a starting point for rationalizing 
twinning, it might well be assumed that the stress fields associated with 
movement of, say, a positive dislocation along one plane may greatly 
reduce the shearing forces necessary to create negative dblocations on 
planes immediately above and below it. In view of the stress gradients 
existing within such stress fields, it seems very reasonable that this 
should be the situation. But it is certainly not clear why in this case the 
planes so affected are adjacent ones, whereas in the case of normal slip 
they are no less than about 100 interatomic distances apart. In analyzing 
this apparent discrepancy, it is probably important that, when both 
processes are possible in the same crystal, normal slip seems always to 
occur at the lower resolved shearing stress. 
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7''3®* The Importance of Twinning 

Although twinning involves displacement of atoms along every 
plane in the twinned region, each plane of atoms moves only a fraction 
of an interatomic distance relative to the next. (This fraction may of 
course, be either greater or less than the half of an interatomic distance 
mentioned in connection with Fig. 7-22.) As a result, twinning is not 
capable of producing extensive permanent deformation of a metal. In 
zinc, for example, complete conversion of a single crystal to the twinned 
orientation would elongate it by only 7.39%.2i Consequently, when 
normal slip is also possible, it accounts for the major part of any 
extensive permanent deformation which may occur. Thus, among 
face-centered cubic metals such as copper, a-brass, y-steel, silver, and 
lead, twins are usually very prominent and very plentiful in the micro- 
structures of deformed crystals. However, it is the ease with which 
extensive slip can occur that accounts for the remarkably high plasticity 
of these metals. On the other hand, normal slip is probably impossible 
in crystals of antimony, bismuth, and other valence-type structures. 
Here twinning accounts for all of the permanent deformation that 
precedes fracture, but the total extent of deformation that can occur is 
extremely limited, and such materials are notoriously brittle. 

It is apparently in crystals of the close-packed hexagonal metals— 
zinc, magnesium, cadmium, etc.—that twinning is most important, not 
because the twinning process itself produces much permanent deforma¬ 
tion, but rather because it may facilitate more extensive deformation by 
normal slip. In pure polycrystalline zinc, for example, rolling at 
atmospheric temperatures produces a multitude of relatively broad 
twinned regions. These seem ordinarily to appear in crystals originally 
so oriented that the resolved shearing stresses on their (001) planes 
were too low during rolling to initiate normal slip, and the orientations 
of the newly twinned regions are always such that the shearing stresses 
resolved from the same external load are significandy higher along 
their reoriented (001) planes. Here, then, twinning creates new orienta¬ 
tions that facilitate slip in some of the crystals present, and the result of 
twinning is a useful increase in the amount of permanent deformation 
by normal slip which precedes fracture. Although this behavior is typical 
of hexagonal metals, the fraction of the total volume of any given crystal 
which is reoriented by mechanical twinning is usually quite small, and 
the total amount of slip in such a crystal is correspondingly limited. 

21 C. S. Barrett, Structure of Metals. 
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Therefore, the hexagonal metals maintain their tendency toward 
britdeness in spite of the readiness with which they form tvnns. 

Except in making possible a very limited amount of permanent 
deformauon in valence-type crystals which would otherwise be com¬ 
pletely brittle, in facilitating normal slip in hexagonal crystals, or in 
being direct evidence that mechanical deformation has occurred at 
some time in the history of a given metal specimen, twinning is not 
usually of much importance. Mechanical twins are, however, an obvious 
feature in the microstructures of many wrought metals, and so their 
general appearance and the means for their positive identification 
should be familiar to every metallographer. 

7"33» Microscopic Appearance of Twins 

Because a twinned region within a metal crystal differs in orientation 
from the untwinned metal on each side of it, it presents a different set 
of planes to etching attack along any polished section through the 
crystal. As a result, a twin is usually attacked at a rate different from 
that prevailing over the rest of the crystal. If the twinned region happens 
to be oriented so that its surface energy is higher, then it is roughened 
more by etching than the rest of the crystal is, and so under the micro¬ 
scope (with vertical illumination) it appears as a dark band across a 
lighter-etching crystal. If, on the other hand, the twinned region is so 
oriented that it is more resistant to chemical attack than the rest of the 
same crystal is, it appears on the etched surface as a light band across 
the darker background of the untwinned metal. 

Particularly in face-centered cubic metals, mechanical twins are 
often so thin that they can be resolved on the etched surface only as 
lines and not as areas. Whenever they can be resolved as areas, how¬ 
ever, the twinned regions appear to be separated from untwinned 
areas only by rather sharp lines which evidently represent the inter¬ 
sections of the twinning planes with the plane of the surface examined. 

% 

These lines etch at about the same rate as normal grain boundaries, 
suggesting that a twin is not bounded by a perfectly regular plane, 
as was implied in preceding discussions, but rather terminates in a high- 
energy, disturbed region where shear was not homogeneous. This is 
abo suggested by irregularities often observed in the trends of visible 
twin boundaries, and by the fact that rates of diffusion, precipitation, 
and other solid-state reactions are usually about as high at a twin 
boundary as at an ordinary grain boundary. 
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Twins never extend across grain boundaries. Oddly enough, they 
often terminate within the crystal instead of extending even to its 
boundaries, and when they end within the crystal there is no evidence 
that a greater crystallographic disturbance has occurred along the ends 
of the twinned region than along its more regular edges. When a twin 
does end at a grain boundary, it is fairly common to find that the 
shearing forces developed at the boundary during the formation of 
one twin have caused a second twin to appear in the next crystal. There 
is, of course, an angular difference between the orientation of twins 
in the two crystals, the extent of the difference being determined by 
the chance orientation of the two crystals in which they appear. 

Mechanical twins are usually narrow. In face-centered cubic metab, 
such as copper and a-brass, they usually appear under the microscope 
at ordinary magnifications as straight lines, parallel to each other 
within any given crystal or intersecting in two or even three sets of 
parallel lines and cut off sharply if they reach a grain boundary. In 
hexagonal metals such as zinc and magnesium, in tetragonal jS-tin, in 
body-centered cubic a-iron (where they are called Meumann bands), 
and in most other metals and alloys which are not face-centered cubic, 
mechanical twins appear on polished and etched surfaces as tapered 
bands of irregular width. Frequently at lOOX, and almost always at 
500X, they appear as definite areas rather than sharp lines, and— 
particularly in hexagonal crystals—they are occasionally quite broad. 
At higher magnifications their outlines appear jagged and their trends 
are somewhat curved, indicating that the active twinning plane does 
not follow a single crystallographic plane across the crystal, but rather 
must transfer from one plane to another along the edges of the twinned 


region. 

At least in face-centered cubic metals (except aluminum, which 
seems not to form visible twins) and in hexagonal metals, some of the 


twinned regions grow instead of being destroyed during annealing 
subsequent to the mechanical work that created them. Particularly in 
face-centered cubic metals, the annealing twins which result are typically 
much wider than the lines or bands representing the original mechanical 
twins, and so they are easily distinguished from mechanical twins. 
Barrett22 notes that in some metals twins are persistent even after 
polymorphic transformation. However, this is evidently not true of the 
gamma-to-alpha transformation in iron and its alloys. 


22 C. S. Barrett, Slnicturt of MtUds. 
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Fio. 7-23. Twins at 500 x. (a) Unusually broad mechanical twirw in a-brass; 
(6) annealing twins in a-brass; (c) mechanical twins in zinc; (</) mechanical twins 

(Neumann bands) in a-iron. 


The evidence is not positive that annealing twins necessarily 
originate in mechanical twins, but it is widely believed that they do. 
Therefore, the presence of twins is usually accepted as positive evidence 
that, at some time in its history, the metal in which they appear was 
mechanically deformed. At least in face-centered cubic metals, if the 
twins appear as broad bands they are annealing twins, and indicate 
either that annealing followed mechanical work at lower temperatures, 
or that deformation occurred at a temperature high enough to permit 
reasonably rapid grain growth (in which case the operation is described 
as hot working). Further, in unalloyed iron or plain-carbon steels, the 
presence of twins (Neumann bands) indicates that the deformation 
was the result of impact loading, unless it occurred at subzero tempera¬ 
tures where much slower loading can produce twinning. 
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Since twins in metals seem always to originate in permanent strain 
their presence in cast metals is quite unexpected. However, twins do 
occasionally appear in castings, usually toward the centers of sections 
that have cooled rather rapidly after freezing began. Here they indicate 
that thermal gradients during cooling resulted in contraction stresses 
which, locally, exceeded the elastic limit of the metal. This seems to 
be much more common than has generally been realized. The existence 
of an unaltered cast structure around the twinned areas usually clears 

up any confusion that may result 
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Fig. 7-24. Twins in Cast Zinc Produced 
by the Mechanical Polishing Procedure. 
100 X. (Etched 4 seconds in 5% Nital.) 


from the appearance of twins in 
a casting. 

In relatively plastic metals, 
such as copper and a-brass, 
mechanical twins are also often 
produced by the mechanical 
polishing operation which imme¬ 
diately precedes etching and 
microscopic examination. In the 
lower-melting metals, such as tin, 
lead, zinc, and cadmium, the 
frictional heat of mechanical 
polishing is often sufficient to 
convert these mechanical twins 
into rather broad annealing twins. 
Twins which originate during polishing are, of course, misleading with 
regard to the previous history of the metal being examined, and their 
presence can lead the metallographer into serious error. Whenever 
possible, then, it is desirable to avoid mechanical polishing techniques 
in preparing specimens of the softer metals, and to use instead a chemical 
or electrolytic polish. Frequently the latter is impractical, and a quite 
delicate mechanical polishing technique must then be used. This in¬ 
volves low wheel speeds, very light pressures, much coolant, and a 
great deal of patience, for several successive cycles of rather deep etching 
and very light repolishing arc usually required before a surface truly 
representative of the original specimen can be produced. 

7 - 34 . Distinetton Between Twin Bands and Slip Bands 

Slip bands and narrow mechanical twins are frequently confused, 
particularly in face-centered cubic metals in which both usually appear 
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as straight lines confined to individual grains. There have, in fact, been 
a number of authorities who have questioned that mechanical twinning 
occurs at all in face-centered cubic metals. Certainly, if the bands 
observed in deformed face-centered cubic crystals actually are twins, 
the twinned regions are too narrow to be positively identified as twins 
by any technique yet developed. The possibility is evident that a dark 
line developed within a crystal by etching might represent simply a 
narrow region disturbed by the slip process, and so might properly be a 
slip band rather than a twin. 

On the other hand, a slip band is ordinarily visible only because of 
the offsetting of a polished surface where it is intersected by active slip 
planes, whereas a twin is three-dimensional and extends into the body 
of the crystal. The surface relief associated with slip is present whether 
the crystal has been etched or not, whereas relief sufficient to make a 
twin visible can be developed only by etching. Therefore, the appear¬ 
ance of such bands on an unetched metal surface identifies them positively 
as slip bands. Their appearance on an etched surface leaves their 
identity in doubt. However, repolishing will eliminate surface relief, 
and if subsequent reetching does not cause the bands to reappear, they 
can be identified positively as slip bands. If they persist after repolishing 
and reetching, they are almost certainly twin bands. 

Slip bands are so narrow that they can be resolved only as lines 
even at the highest magnifications available with the optical microscope. 
Except in the face-centered cubic metals, even mechanical twins are 


23 Barrett and others have cast doubt on this conclusion by noting that the extent of 
displacement which occurs along such bands, for insunce in a-brass, is greater than could 
possibly have resulted from the twinning process. By analogy with the behavior of hexagonal 
mculs, howwer, it appears that a twin created mechanically should be so oriented that slio 
occurs readily within it, and so these observations can also be explained as the result of slio 
in newly creat^ mechanical twins. It happens that in face-centered cubic metals the possible 

sip pl«« and the possible twinning planes are aU {111} planes, so that rather extensive 
Slip might occur within even a very narrow twin. 

1 ^ welMeveloped and very obvious slip bands, for 

^mple by clampmg sm^l metal specimens in a vise with their polished surface normal to 
thcjwjaws. However, he has not so far been able to cause anything resembling the slip- 
^d patt^ to reappear after a specimen thus treated was repolished and reetch^. To th^ 
author at Iwt, this is convincmg evidence that a slip band is purely a surface feature whirh 
LST** cliiniiiated by subsequent polishing, and that any band having this general 

a slip band. A twin band seems to be the only alternative ® 

created by mechanical polishing. specimen, in order to remove the BeUby layer 
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usually observable as areas at, say, 500X or lOOOX, and so it is only in 
face-centered cubic metals that confusion between slip bands and twin 
bands is likely to occur. 

7-35. Deformation of Polycrystalline Aggregates 

The useful metals of engineering and industry are, in general, not 
single crystals, but rather polycrystalline aggregates, i.e., coherent as¬ 
semblages of large numbers of small crystals. The general mechanisms 
of both elastic and permanent deformation are essentially the same 
for any crystal within such an aggregate as for a similar crystal isolated 
from it. However, the extent and distribution of slip and twinning 
within each crystal are considerably affected by the presence around it 
of differently oriented neighboring crystals, each separated from it by 
a grain boundary. The situation is further complicated when adjacent 
crystals differ in their structure and properties, as they do in the hetero¬ 
geneous alloys discussed in the next section and in Alloy Series in 
Physical Metallurgy. 

Within any ordinal*)’ metal specimen the orientations of adjacent 
grains are expected to be random, or nearly so. Some of the grains are 
so oriented relative to any given stress axis that they deform under a 
relatively low external load. Others, in which the resolved shear is 
less along the possible slip systems, require greater loads to initiate 
permanent deformation. At least in hexagonal metals, a few of the 
crystals present are always oriented in such a way that slip in response 
to the external load cannot occur at all. Nevertheless, in homogeneous 
metals and alloys, all the grains present in a given region deform simi¬ 
larly and simultaneously, increasing in length in approximate propor¬ 
tion to the extension of the region as a whole, and reducing in cross 
section accordingly. In spite of orientation differences among them, 
cohesion at their boundaries is maintained up to the moment of actual 

fracture. 

The necessity for congruent deformation of adjacent grains requires 
that, no matter how strongly anisotropic it may actually be, each crys 
in a randomly oriented aggregate must deform as though it were 
isotropic. This in turn imphes that a relatively large fraction ol Uie 
possible slip systems and twinning systems within each gr^ mus 
become active simultaneously or in quick succession (alt oug um y 
to a different extent in each different part of the crystal, in order o 
accommodate irregular changes in the contour of its un anes wi 
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various neighboring grains). Thus, Taylor has shown that in face- 
centered cubic metals the arbitrary change in shape required to 
maintain cohesion at its boundaries requires simultaneous displace¬ 
ments on at least five different slip systems within each crystal.24 In a 
hexagonal metal such as zinc, where only three possible slip systems 
exist, some crystal present—and perhaps some part of each crystal—can 
undergo only elastic deformation until permanent changes in the shape 
of its more favorably oriented neighbors have imposed upon it shearing 
forces sufficient to cause it to yield too. The obstruction to slip offered 
by unfavorably oriented crystals explains why, among hexagonal 
metab, the load required to deform a polycrystalline aggregate perma¬ 
nently is in general much greater than might be predicted from the 
properties of a single crystal. In face-centered cubic metals such as 
copper and aluminum, where a relatively large number of possible 
slip systems is available, the difference in mechanical properties 
between a single crystal and an aggregate is much less. 

Further, since each crystal must deform congruently with all of its 
neighbors, the presence of even one crystal so oriented that it cannot 
slip in response to the external load must seriously reduce the extent of 
slip which occurs in every other crystal present. In general, poly¬ 
crystalline hexagonal metals do not deform extensively in advance of 
fracture, and this tendency toward brittleness is one of their major 
industrial shortcomings. Among face-centered cubic metals, on the 
other hand, no crystal in the aggregate can possibly be oriented in such 
a way that slip within it is impossible, and typically such metals are 
highly plastic. Body-centered cubic metals are, in general, intermediate 
in these respects between the close-packed hexagonal and the face- 
centered cubic metals. 

7~3^ The Influence of Grain Boundaries 

A further restriction on the deformation of a polycrystalline metal 
results from the presence within it of grain boundaries, where the 
localized distortion of potential slip planes and twinning planes makes 
permanent deformation by any mechanism more difficult. However, the 
vfidxh of any given boundary and the degree of crystallographic 
tourbance within it are direct functions of the difference in orienta¬ 
tion of the crystals between which it exists. As a result, it is difficult to 
isolate this effect from the one discussed in the preceding section. 

^ OMoted by C. S. Bsrrett. Stneture o/MtUUs. 
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Nevertheless, it is not hard to demonstrate that grain boundaries in 
general have a pronounced strengthening effect upon the metal in 
which they occur. 

For example, when visible slip bands are developed on the surface 
of a polycrystalline metal, it will be found that each slip band fades out 
rather suddenly as it approaches a grain boundary, and that this is 
true even when slip bands are well developed in two adjacent grains 
which differ only slightly in orientation. Obviously, in the case of 



FiC. 7-25. Slip Bands in Unetched 

a-Brass. 100 X. 

twin boundaries, indicating that the 


surface grains, slip is more ex¬ 
tensive toward the center of each 
crystal than at its boundaries.25 

Thus, in Fig. 7-25, individual 
grains appear rather sharply out¬ 
lined by narrow, clear regions, 
in which no slip bands have been 
developed. 26 It will also be noted 
that the slip bands differ in orien¬ 
tation from one grain to another, 
and change direction sharply 
whenever they encounter a 
twinned region within any given 
crystal. However, the slip bands 
are usually continuous across 
crystallographic disturbance exist¬ 


ing at a tvvin boundary does not impede slip to the same extent as does 


that at a grain boundary. 

Further, when a wire of very coarse-grained metal is permanently 
elongated in tension, the effects of both grain orientation and grain 
boundaries become evident in variations in section of the strained wire. 
In Fig. 7-26, for example, the single large grain that was originally 
oriented most favorably for slip was the first to deform permanently, 


25 This, incidenully, suggests that at least part of the dislocations moving across a 

crystal may accumulate in the vicinity of grain boundaries instead of travelmg dwough them 
to produce a change in the shape of the crystal as a whole. From other evidence, Heidenreicn 
has also suggested that, at least in response to cyclic stresses, dislocauom may , 

layer about 0.2 mm. thick at the grain boundaries, to pr^uce strain hardening of tbesuriace 

layers of each crystal without appreciable hardening of its center. of this 

26 Measurement of grain size is easily made in a region where **1*1^^ ^ 

type has been developed, and of course requiro no p^ous etching o simnlest 

For metals which are very difficult to etch, this sometimes offen . o g 

technique for grain-size determination. It is further discussed at the end of Secuon d-b. 
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and has been reduced in cross section more than has any other part of 
the wire. In the other large grains shown, slip began in order of diminish¬ 
ing resolved shearing stress on potential slip planes, and the extent of 
reduction is seen to increase in the same order. However, the inter¬ 
ference of distorted grain-boundary regions with slip has conhned most 
of the reduction in section to those portions of each crystal that are 
relatively remote from its boundaries. After a considerable amount of 



Fig. 7*26. Effect of Grain Boundaries in Restraining Permanent Deforma¬ 
tion of a Coarse-Grained Aluminum Wire Elongated in Tension at Room 
Temperature. 10 x. (Sectioned and etched 20 seconds in 0.5% HF.) 


elongation has occurred, the wire resembles a length of bamboo, the 

enlarged "joints" coinciding with crystal boundaries, where deforma¬ 
tion was most difficult. 

According to Aston,27 the increased resistance to permanent 
deformation resulting from distortion at a grain boundary extends for 
as much as 2 to 3 mm. into the body of the crystal. The usual commer¬ 
cial metals are made up entirely of grains whose radii are considerably 
lea than this. Probably, then, the strengthening effect of its boundaries 
is lelt throughout all of each crystal, reinforcing the confining effect of 
Its differently onented neighbors in making slip more difficult in a 
homogeneous polycrystalUne metal or alloy than it is in a single crystal 
of the same material. Since twinning involves a systematic form of 
sUp, the effect on twinning is probably similar. 

Expeninentally it is found that resistance to deformation increases 
wnunuously as gram size is reduced, as an approximately Unear 

P"'*' "'“"S '^hich slip can 
‘""naipnon by grain boundaries, i.e., in a homogeneous 
matmal, as the loganthm of average grain diameter, neglecting Lins.^s 

a J- Robemon, op. cit. 

C- S. Bairett, Structure of Metals, ^ 
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Further, because of the complex nature of the deformation process in 
polycrystalline metals, aggregates strain harden more rapidly than 
single crystals, and fine-grained aggregates more rapidly than coarse¬ 
grained ones. 

Because it is more resistant to slip and strain hardens more rapidly, 
a fine-grained metal is in general stronger, harder, and more resistant 
to impact than the same metal in a coarse-grained condition. In some 
respects—notably in electrical and thermal conductivity and, in steels, 
in hardenability—the coarse-grained metal is superior. For most 
engineering applications, however, the mechanical properties of a 
material are its most significant ones, and for such applications the 
fine-grained metals are preferred. 

7-37. Effect of Alloying on Permanent Deformation 

As was said in Section 5-15, addition of an alloying element to a 
pure metal creates an intermetallic compound, a solid solution, or a 
heterogeneous alloy. Any of these usually differs markedly in resistance 
to deformation and in plasticity from the pure elements which compose 
it. 

Typically, intermetallic compounds have complex crystal structures 
in which slip is difficult, and frequently they arc formed by ionic or 
covalent bonding so that slip is impossible. Usually, therefore, an inter¬ 
metallic compound is hard, strong, and very brittle. There are, however, 
a number of well-known exceptions to this generalization. Com¬ 
pounds such as AuZn and even AgCl, having simple crystal structures 
of high symmetry (the cesium-chloride and sodium-chloride structures 
respectively), deform nearly as readily and almost as extensively as 

some of the common pure metals. 

In alloys of the solid-solution type, distortion of the solvent structure 
always results from the presence of solute atoms in it. Although the 
disturbance created by a foreign atom is always localized, it is fre¬ 
quently severe, and it always makes slip more difficult along its own 
and adjacent planes. The more unlike the solvent and solute atoms are, 
the more serious is the distortion resulting from the presenc of the 
latter, and the greater its effect in hardening and strengthening the 
metal. Thus nickel, whose atomic diameter and chemical properues 
are near those of copper, increases the hardness and strength of copper 
only slightly when it is dissolved by copper in small amounts, whereas 
tin—having much greater atomic diameter, a different valence, etc.— 
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increases the mechanical properties of copper very rapidly.^® As might 
be expected, the greater the concentration of solute atoms, the greater 
is their total effect upon the hardness and strength of the alloy. How¬ 
ever, the solute elements which create the greatest disturbance per 
atom, and so have the greatest hardening power per atomic percent 
dissolved, are usually also the ones which arc most restricted in the 
extent of solid solubility. 

The effect of a dissolved element upon the hardness and strength 
of any given alloy is now usually explained by assuming that the 
localized stress fields created around a misfit atom arc such as to resist 
propagation of a dislocation along its own and immediately adjacent 
planes. A second experimental fact, that both the rate and the extent 
of strain hardening are greater in solid solutions than in their component 
pure metals, has been less satisfactorily rationalized. But if strain 
hardening is to be explained as resulting from an accumulation of 
dislocations within the crystal, then it is simplest to assume that 
dislocations tend to “get stuck” as they approach the stressed region 
surrounding a solute atom, and so encourage formation of a dislocation 
lattice which also impedes slip on adjacent planes. In any case, the 
rate of strain hardening which results from the addition of a soluble 
alloy is an approximately linear function of the increase in initial 
hardness caused by that addition. 

The resistance to slip offered by a heterogeneous alloy is controlled 
both by the nature of the unUke crystals existing within it and by their 
distribution relative to each other. If the crystals present are reasonably 
similar in structure and in deformation behavior, then the mechanical 
properties of the alloy as a whole should represent a weighted average of 
the properties of its constituent crystals—modified, however, by the 
fact that the average grain size is usually finer in a heterogeneous alloy 
than in a homogeneous one. On the other hand, there are many 
common alloys, including the ordinary steels, in which crystals of some 
relatively hard and strong material (e.g., FcjC) arc embedded in a soft, 
weak, and highly plastic matrix. Permanent deformation of an alloy 
such as this is accomplished almost entirely by slip and twinning within 
the plastic matrix; the harder crystals embedded in it are not appreciably 
defomed. Here the principal effect of the embedded crystals is to 
restrict the changes in shape which are possible in matrix crystals, and 

^ C. Barret(| Sir^ieiur$ (tf Mitels. 

^ ibid. 
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to make permanent deformation of the matrix far more difficult. 
Resistance to deformation is an inverse function of the mean free path 
through the matrix along which slip can occur without interruption 
by an embedded particle. If the embedded crystals are fine and 
uniformly distributed throughout the matrix, they may increase its 
hardness and strength remarkably; one common object in heat treating 
industrial alloys is to create such a dispersion. On the other hand, when 
the hard, brittle crystals form a continuous matrix, then even the most 
plastic of crystals embedded in it is capable of no deformation whatever, 
and the alloy as a whole is completely brittle. 

All of these possible cases are exemplified in the discussion of the 
microstnictures of specific alloys in Alloy Series in Physical Metallurgy. 



CHAPTER 8 


The Effects of Permanent Deformation 


Permanent deformation of any metal significantly alters its internal 
structure, and so affects to some degree many of its chemical, physical, 
and mechanical properties. Some of the results of permanent deforma¬ 
tion, such as the appearance of slip bands, are principally of scientific 
interest in understanding the deformation process itself. Others, such as 
strain hardening, have tremendous and very direct economic significance. 

S-i. Strain Hardening (Work Hardening) 

In Chapter 7, strain hardening was considered only in relation to 
the deformation process itself; its importance with regard to the 
engineering usefulness of metals was largely ignored. Actually the 
alteration in mechanical properties which accompanies deformation 
and is another aspect of strain hardening is, economically, the most 
important metallurgical result of the permanent deformation of metals. 

The strain-hardening behavior of a metal may be summarized 
conveniently by plotting the instantaneous stress vs. strain curve for a 
tensile test on a specimen cut from it, as has been done in Fig. 8-1. At 
all stresses up to a, the proportional limit, deformation is largely 
clastic, and stress is an almost linear function of strain. Thereafter, from 
stress a to stress e, strain increases more rapidly than stress, and the 
slope of the curve diminishes. Beyond the knee of the curve it again 
approaches a straight line, and from stress e to fracture at stress g the 
ratio of stress to strain is again almost constant. 

The slope of the final “straight” portion of the instantaneous stress 
vs. strain curve, from/to A, is a measure of the raU of strain hardening. 
All plastic metals strain harden and show a continuous increase in stress 
as strain increases in this region. However, they differ widely both in 
strain-hardening rate and in the total extent to which their mechanical 
properties can be altered by strain hardening, as is indicated by com¬ 
parison of the three curves in Fig. 8-2. TypicaUy, the first small 
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Fic. 8-2. Instantaneous Stress vs. Strain Curves for 
Three Metals That Strain Harden at Different Rate*. 
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increments of permanent strain produce a relatively large amount of 
strain hardening, and so the slope of the instantaneous stress vs. strain 
curve is steep just above the proportional limit. Beyond this, the rate of 
strain hardening diminishes to an essentially constant value, which 
then persists to fracture. However, for metal even the constant strain¬ 
hardening rate is high; stress increases rapidly with strain, and tensile 
stress great enough to cause fracture is usually developed before 
much permanent strain has occurred. A metal which strain hardens 
as rapidly as this is usually strong but is inclined to be somewhat 
brittle. A metal such as C, which strain hardens less rapidly, can be 
exf>ected to show a high degree of plasticity, but ordinarily fractures in 
tension at a relatively low load because of the rapid reduction in cross- 
sectional area which accompanies its extensive elongation. Metal B, 
with an intermediate strain-hardening rate, is also intermediate 
between metal A and metal C both in instantaneous stress at fracture 
and in the extent of permanent deformation which precedes fracture. 

The direct influence of strain hardening upon some of the properties 
of a metal can be illustrated by referring again to Fig. 8-1 If the metal 
there represented were tested to destruction in tension, it would give 
an instantaneous stress vs. strain curve Obdfh, and would undergo 
permanent strain Om in advance of fracture. But if a specimen were 
initially loaded to stress c and then slowly unloaded, its dimensions 
during unloading would change according to curve dj. In a subsequent 
tensile test, its instantaneous stress vs. strain relations would follow 
curve indicating that prestressing had raised its proportional limit 
from stress a to stress c, and had reduced permanent strain in advance 
of fracture from Om to jm.^ Preliminary application and removal of 
stress e would result in instantaneous stress vs. strain curve A/A, indicating 
a proportional limit at stress e and permanent elongation in advance of 
fracture represented by Am, etc. Here the effects of previous mechanical 
working (by the application of preliminary stress c, etc., above the 
elastic limit) arc evident in the progressively increased proportional 
limit and reduced permanent strain before fracture, and it is apparent 
that these changes in properties are very real. However, this method of 
plotung the test data gives no direct information concerning the effect 
of strain hardening upon ultimate strength, which is considered 
especially important, and it indicates changes in the proportional limit 
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in terms of instantaneous stress rather than the more familiar nominal 
stress. Therefore, the effect of prestressing upon the nominal stress vs. 
strain curve must also be considered. 

Suppose that the data presented in Fig. 8-1 are replotted to produce 
the nominal stress vs. strain curve in Fig. 8-3. If nominal stress a were 
applied to the metal it would produce total strain ac, of which the 
portion ab is elastic and would disappear as the applied load was 
removed. Now, as stress a is again applied, strain increases according to 
curve dc^ and beyond c follows the normal curve ceF to fracture. Again 
it is evident that the proportional limit has been increased (from g to c) 



Fig. 8-3. Nominal Stress vs. Strain Curve for 
the Same Tensile Test Represented in Fig. 8-1. 


by prestraining, and that permanent strain in advance of fracture has 
been reduced, from Oh to dk. Again, however, the method of plotting is 
such as to obscure the effect of previous deformation upon ultimate 
strength; the reduction of cross-sectional area accompanying pre¬ 
liminary extension Od has been neglected. 

To correct this, suppose that strain Od in Fig. 8-3 were, say, 0.10 
inch per inch, or 10%, and that this elongation were produced by a 
uniform reduction of 10% in the cross-sectional area of the specimen. 
Now if a larger bar of the same metal were similarly elongated by 10%, 
each part of it would then be in the same strain-hardened condition 
as the test bar in Fig. 8-3 was after application and removal of stress a. 
But if a new standard test bar were then cut from this larger bar, its 
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cross-scctional area would be 1/9, or about 11%, greater than that of 

the bar in Fig. 8-3 when it was in the same condition of mechanical 

work.2 A tension test on this new bar would give a nominal stress vs, 

strain curve similar to curve dceF in Fig. 8-3, but the load and nominal 

stress would be 11 % higher after each increment of strain became of its 

11% greater area, and the curve would begin at the origin {zero 

strain) instead of at strain d. The tension test for the new bar would 

give curve Oc'e'F (Fig. 8-4) instead of curve dceF or curve OgeeF. From 

comparison of these curves, it is evident that a previous permanent 

extension equivalent to strain 

Od has the following effects: {1) 

It slightly increases the elastic 

modulus, as is shown by the ® 

slope of the “straight** portions^- 

of curves Oc'e'F' and OgeeF. (In 4 

the case of copper, and probably | 

some other metals with rela-Q 

tively low modulus, this increase 

is easily detectable. However, 

it is never great enough to be 

particularly useful. Typically, 

the stress-strain curve in this re- ® 

gion is so steep that the increase 

in slope resulting from previous 1^*®- Nominal Streu 

... ,. vs. Strain Curve of a Preliminary Reduc- 

mechanical working is very Uon of 10% in CroM^Sectional Area by 

slight.) (2) It increases the pro- Cold Mechanical Working, 

portional limit of the metal from 

g to c\ representing the sum of the increases resulting from direct strain 
hardening (which raises the stress from g to c) and from retesting on 
a specimen which, in effect, has an 11 % greater cross-sectional area. 
(3) It increases the ultimate strength from e to e '—a smaller increase 
than that noted for the proportional limit, but often a very significant 
one. (4) It reduces the extent of permanent elongation preceding frac¬ 
ture (ic., the ductility of the metal) from strain Oh to strain Oj. 

, The comparative effects of varying degrees of cold mechanical 

} Thus if the sUndard bar in F^. 6-3 were originally 1 sq. in. in cross-sectional area, it 
would be reduced toO.9 sq. in. by the application of stress a. The new test bar, also 1 sq. in. 
in original section, would thus be (l.O — 0.9)/0.9 =* 1/9 greater in area than that in Fig 
8-3 after the latter had been loaded to stress a. 
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working in advance of the tensile test may be illustrated by a series of 
curves similar to those in Fig. 8-4, but plotted for a variety of prelimin¬ 
ary reductions. Thus, Fig. 8-5a represents the original stress-strain 
curve of some plastic metal tested to fracture in tension. The curves in 
Fig. 8-5A represent stress-strain relations for other specimens of the 
same material, each given a preliminary elongation by the application 
of stress c, or stress f or stress e, etc., before the standard test specimen was 
cut {Fig. 8-5a). It is apparent that the greater the extent of previous 



Fio. 8-5. (a) Permanent Elongation of Specimens Under Preliminary Loads c, rf, 

/, and g; {b) Nominal Stress vs. Strain Curves for Specimens Previously Elongated 

by the Preliminary Loads in (a). 


mechanical deformation, the higher are the proportional limit and 
ultimate strength, and the smaller is the permanent strain which 
precedes fracture in the tensile test. Since the proportional limit 
increases more rapidly than ultimate strength, the two values approach 
each other as deformations become more extensive. It appears that an 
extreme case might be possible in which preloading to the point of 
fracture would cause the two to coincide, giving curve h (Fig. 8-5i) for a 
subsequent tensile test—a straight line from the origin to the point of 
completely brittle fracture. Experimentally this situation can be closely 
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approached but it cannot actually be attained, apparently because at 
least a litUe permanent deformation always occurs during fracture itself. 

These general effects are all implicit in the statement that a metal 
strain hardens as it is mechanically worked. If it can be mechanically 
worked at all, then its permanent deformation progressively increases 
its hardness (which is an indication of resistance to deformation), its 
strength properties (elastic limit, proportional limit, yield strength, and 
ultimate strength), and its brittleness. However, these properties do 
not all change at the same rate. Further, just as there arc wide differences 
in the total extent of permanent deformation that various metals can 
withstand in advance of fracture, there are also great differences in the 
rates at which they strain harden and in the extent to which their 
properties can be altered before fracture terminates the strain-hardening 
process. In general, polycrystalline metals strain harden more rapidly 
than single crystals, fine-grained metals more rapidly than coarse¬ 
grained ones, and solid solutions more rapidly than pure metals. 

8-2. Industrial Importance of Strain Hardening 

Industrially, strain hardening is tremendously important both in 
its influence upon forming and fabricating operations and in its effects 
upon the properties of finished metal sections. 

In a forming operation, strain hardening may be either a blessing 
or a curse, and it is often both at the same time. In a cold-rolling 
operation, for example, strain hardening continuously increases the 
resistance of the metal to further deformation, and so continuously 
increases the power required to produce successive increments of 
reduction. It also continuously increases the brittleness of the metal, 
and thus the danger that it will crack or split during further rolling. 
Particularly because of the latter effect, it is necessary with most metals 
to discontinue cold rolling after only a relatively small reduction has 
been accomplished, and anneal it to eliminate strain hardening (by one 
of the mechanisms discussed in Chapter 9) before rolling can be 
resumed. Such intermediate anneals are expensive, time-consuming, and 

a great nuisance in many ways. In this respect then, strain hardening 
itself is a nuisance. 

On the other hand, strain hardening affords a high degree of 
flexibUity with regard to the final properties of cold-finished metal 
sections. Thus, cold rolling of some types of stainless steel can approxi¬ 
mately double their ultimate strength and more than double their 
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yield strength, making possible important savings in both weight and 
material cost in the design of aircraft, railway coaches, etc. The brasses 
and many other common alloys can also be significantly improved in 
strength, abrasion resistance, etc., by cold-forming operations, although 
some of their other properties—notably ductility and malleability- 
are necessarily sacrificed when this is done. 

Deep-drawing is a very common industrial forming operation that 
would be completely impossible if strain hardening did not accompany 
deformation of the metal being worked. Thus, as is illustrated in Fig. 
8-6, when a metal disk (a circular blank) is to be drawn into a cylindrici 
cup, the first stage of drawing involves a pronounced reduction in the 
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Fio. 8-6. Deep-Drawing a Metal Cup. (<z) Metal blank in punch-and-die 
assembly; (6) punch descends, beginning deep-drawing; (e) punch being 

withdrawn from finished cup. 

thickness of the blank in the small annular area between the shoulder 
of the punch and the rim of the die opening, indicated by r in Fig. 8-6i. 
If strain hardening of the deformed metal did not occur, this decrease 
in section would produce an equivalent reduction in the strength of 
the sheet, and further deformation of the metal would be confined 
entirely to this region. Thereafter, as the punch continued to descend, 
it would simply elongate the metal at r until tensile failure occurred. 
The end result of the operation would be a circular hole punched 
through the blank, with a pronounced burr on the circumference of the 
hole and of the punched disk. 

Deep-drawing is possible only when the metal at r strain hardens 
so rapidly that, in spite of its reduced thickness after drawing has begun, 
the metal blank is stronger here than in adjacent regions not yet 
deformed. If this is the case, the descending punch will cause the metal 
at the bottom of the cup (r) to extend and strain harden, and will pull 
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additional metal from the edges of the blank into the die opening. 
With a well-designed punch-and-die assembly, and a well-adjusted 
pressure pad to prevent wrinkling of the blank as it is drawn into the 
die opening, a cupped shape with remarkably uniform wall thickness 

can be produced. 

From this oversimplified description it will at least be evident why 
metals which strain harden rapidly are usually quite easy to deep- 
draw, while those that strain harden slowly are more diflficult to handle. 
The plastics, etc., which do not strain harden at all cannot be deep- 
drawn, although they are easily cupped by a variety of other methods. 

When a series of deep-drawing operations is required to produce a 
very extensive total deformation—e.g., in the production of cartridge 
cases—intermediate anneals are often necessary to avoid splitting or 
cracking the metal in the later 
stages of drawing. Similarly, wire 
drawing would be impossible if 
the metal being drawn did not 
strain harden sufficiently as it 
passed through the die to more 
than compensate for the reduction 
in cross-sectional area that occurs 
there. However, in drawing fine 
wire, a number of successive 
passes is required through progressively smaller dies, and several in¬ 
termediate anneals may be necessary to avoid breaking the wire in 
one of the later reductions. Annealing is expensive, especially when the 
surface of the wire must be protected against discoloration and loss of 
section as a result of oxidation during heat treatment. On the other 
hand, by controlling the extent of the final cold reductions (subsequent 
to the last intermediate anneal) the wire may be finished in a variety of 
conditions of strain hardening, and marketed with a variety of physical 
and mechanical properties. 

Industrially, the degree of strain hardening existing in a cold-worked 
metal is identified as its temper^ and in the United States is commonly 
described either in terms of gage numbers of cold reduction since the 
last anneal (based on American or B. & S. gage) or as a fractional 
hardness. Thus, the most common commercial tempers in which metals 
arc sold and bought are: dead soft, or fully annealed; 1 number or i 
hard, representing 11% reduction of original thickness or original 
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Fic. 8-7. Section Through a Wire- 

Drawing Die. 
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diameter by cold rolling or cold drawing; 2 numbers or \ hard, repre¬ 
senting 20% of cold reduction; 4 numbers or full hard, representing 
Zl% of cold reduction; and 8 numbers hard, or spring temper, repre¬ 
senting 60% of cold reduction. It should be noted that, in any given 
cold-worked temper, wire has been strain hardened more extensively 
than has sheet or strip. The extent of cold work, and hence the degree 
of strain hardening, is best represented by the percent reduction in 
cross-sectional area during working. A 20% reduction in the dia¬ 
meter of a round wire, for example, represents a far greater decrease 
in cross section than does a 20% reduction in the thickness of a flat 
sheet. 

8-3. Change in Shape of Individual Crystals 

Changes in the external shape of a metal being deformed must, of 
course, be reflected in its internal structure by corresponding changes in 
the shape of the individual grains of which it is composed. Because of 
differences in composition, crystal structure, original shape, position, 
and orientation, not all of the crystals present in a given metal section 
(or even all parts of the same crystal) will deform in exactly the same 
way or to precisely the same extent. In a homogeneous metal or alloy, 
however, when the extent of deformation is reasonably uniform through¬ 
out the section being considered, maintenance of cohesion between 
adjacent grains requires that all of them undergo a generally similar 
change in shape as deformation proceeds. That they actually do so is 
often evident in the microstructure of a cold-worked metal, particularly 
if its deformation has been quite extensive. 

For example, when a small bar of a-brass composed of grains which 
were originally equiaxed is rolled down into a thin sheet, each crystal 
in it is elongated and reduced in thickness approximately in accordance 
with the changes in the dimensions of the bar as a whole. After as little 
as 20% to 30% reduction in the cross-sectional area of the bar, the 
elongation Of individual grains usually is evident in microscopic exami¬ 
nation of a longitudinal section through it. With more extensive reduc¬ 
tions. the elongation of each grain becomes continuously more pro¬ 
nounced. Finally, however, if the reductions are very extensive, it is 
usually difficult to bring out clearly the grain boundaries within the 
structure. So much detail is developed by etching—twin bands, 
deformation bands (discussed below), etc.—that only a confused fibrous 
pattern is observed even at high magnifications. Within this pattern. 
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(C) 

Fto. 8 - 8 . Changes in Shape of a-Brass Crystals During Cold Rolling, (a) Original 
bai, annealed condition ; (b) cold rolled to 40% reduction in thickness (note mech¬ 
anical twins): (c) cold rolled to SOOq reduction in thickness. (All sections longitudinal 
of bar; all specimens etched in NH 4 OH.H 2 O 2 ; all photographs at 100 x, using 

oblique illumination.) 


in spite of its complexity, the direction in which the crystals have been 
elongated is still usually quite apparent. 

In the simpler forming operations, such as cold rolling and wire 
drawing, the flow of metal is reasonably uniform throughout the cross- 
section of the metal, and the change in the shape of individual grains 
IS quite similar to that in the metal as a whole. In more complex 
operations, such as deep-drawing and cold pressing, the direction of the 
flow of metal is often very different in adjacent regions of the same 
sccaori, and is often quite unpredictable. Even so, elongation of each 
individual gram must necessarily be in the direction of the principal 
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flow of metal in the vicinity of that grain, and so microscopic analysis 
of the changes in crystal shape which occurred during deformation is 
often useful in studying metal flow during complex forming operations. 
This is frequently of direct value in overcoming operational difficulties 
and improving the design of dies, rolls, and forming tools in general. 

8-4. Banding and Flow Lines (Mechanical Fibering) 

When any type of inhomogeneity exists in a metal or alloy being 
worked, extension of the heterogeneous region superimposes a banded 
structure upon the normal elongation of metallic grains. Banding may 
result from the presence in the section of nonmetallic inclusions, 
metallic inclusions, local dififerences in composition (i.e., segregation)^ or 
even voids. It is usually revealed by cutting or grinding a longitudinal 

section through the metal and 
etching it rather deeply to de¬ 
velop flow lines —a pattern of 
dark or light lines visible to the 
unaided eye or at low magnifi¬ 
cation. But in some cases the 
banded structure is so fine that 
it is visible only under the micro¬ 
scope ; at the other extreme, it is 
occasionally so coarse that it is 
easily visible to the naked eye 
even on fractured or rough- 
ground surfaces which have not 
been etched. 

Banding is a perfectly normal 
effect in any ordinary wrought 
metal, since no commercial 
metal is completely homogeneous. However, it always indicates that 
some degree of anisotropy exists in the metal, and if it is very pronounced 
it may indicate serious weakness and brittleness in directions which are 
normal to the axis of banding. 

The most common source of banding is the presence of nonmetallic 
inclusions within a metal section. A spectacular example of this is 
presented by wrought iron, to which a controlled amount of slag is 
purposely added during the manufacturing process. During subsequent 
hot rolling of the iron, the slag—which becomes plastic at elevated 



Fig. 8-9. Wrought Iron, Longitudinal 
Section. 100 x. Dark areas are slag fibers 
elongated in the rolling direction. (Etched 

in Nital.) 



261 


8-4. Banding and Flow Lines (Mechanical Fibering) 

temperatures—is drawn out into threadlike fibers which are parallel to 
the rolling direction. These slag fibers are widely believed to give 
wrought iron an unusually high degree of toughness and of resistance to 
impact and corrosion. Whether they are actually beneficial in these or 
other important respects has frequently been questioned. There is no 
doubt that their presence and parallel arrangement do give wrought 
iron a high degree of directionality in mechanical properties—speci¬ 
fically, strength and plasticity properties which are appreciably lower 
normal to the rolling direction than parallel to it. 

Manganese sulfide is always present in steels, although usually in 
very small amounts, and during hot rolling it behaves much as does the 
slag in a wrought iron. The relatively large amount of MnS present in 
steels which have been resulfurized for improved machinability fre¬ 
quently gives them a definite banded structure and a significant degree 
of directionality in properties, although neither effect is nearly so 
pronounced as in the case of wrought iron. 

Both slag and MnS are so brittle at atmospheric temperatures that 
extensive cold rolling does not extend them, but rather shatters them 
into small fragments. However, if further cold working is not prevented by 
fracture, it will extend these fragments into discontinuous bands, through 
deformation of the relatively plastic metallic matrix in which they are 
contained. This type of banding is also frequently noted in the arrange¬ 
ment of CU 2 O particles in wrought sections of tough-pitch copper. 

Metallic inclusions may give a banded structure even more pro¬ 
nounced than that resulting from the presence of nonmetallic inclusions, 
although usually it is so fine that it is clearly visible only under the 
microscope. Thus, small amounts of metallic lead are frequently added 
tC’brasses (alloys based on copper and zinc) and bronzes (based on 
copper and tin) in order to improve their machinability. Since it is 
almost completely insoluble in copper and forms no intermetallic 
compounds either with it or with the alloying elements present, lead 
appears in the solid alloy as microscopically fine droplets distributed 
throughout its structure. Lead is sufficiently plastic so that, during 
mechanical working of the alloy, it deforms with the metaUic matrix in 
which it is enclosed, and is elongated into stringers. On the other hand, 
if the metallic inclusion present happens to be a brittle one (e.g., the 
duminum-iron-silicon compound in impure aluminum-base alloys). 

It may be shattered during cold working and behave as do the non¬ 
metallic inclusions discussed above. 
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In any wrought heterogeneous alloy some degree of banding can be 
expected, often exaggerated because the different types of crystab 
present are never absolutely uniform in their distribution or identical 
in the resistance they offer to permanent deformation. Thus, a wrought 
high-zinc brass of the Munlz-metal type, after polishing and etching, 
shows a fibrous pattern of parallel elongated grains of a- and j8-brass; 
within the pattern, the more plastic a grains are usually seen to have 
extended more than the harder, stronger /5 crystals. A rather unusual 
case of banding in a heterogeneous alloy is the appearance oighosts (aUo 

called ghost lines and ferrite 
bands) in some steek. Composi¬ 
tion differences in the steel, par¬ 
ticularly local concentrations of 
phosphorus, may lead to the 
segregation of carbon into certain 
areas, leaving behind other areas 
that are almost devoid of carbon. 
During rolling or other mechani¬ 
cal working, both the areas which 
are rich in carbon and those which 
are low in it are elongated with 
the flow of the metal, and the 
result is the formation of bands 
of clear ferrite (a-iron) 
by parallel bands that are re¬ 
latively rich in Fe 3 C. With the etchants usually used for microscopic 
examination of steels, the ferrite bands appear white against the dark 
background of regions contaii>ing more Fe 3 C, and so are given the 
picturesque name, ghosts. 

Even in alloys of the solid-solution type, banding is often evident 
as a result of coring of individual crystals. Coring, which is discussed in 
detail in Alloy Series in Physical Metallurgy, is the result of a definite 
departure from equilibrium during the freezing of the alloy, and is a 
systematic change in composition from the center of any ^ven ^^n to 
its surface. Because of the composition differences existing within it, 
extension of the grain as a whole leads to banding which, when gr^n 
size is coarse, is occasionally visible on etched sections even without the 

aid of the microscope. 

Voids within the metal, from contraction during freezing or from 




Fig. 8-10. Ferrite Bands (Ghosts) in a 
Medium-Carbon Steel. 100 x. (Etched 6 
seconds in 5% Picral.) 
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gas evolution or any other source, are also elongated in the direction of 
the principal strain during a mechanical working operation. If the 
internal surfaces of the void are clean and unoxidized, if deformation is 
extensive enough to close the void completely, and if the temperature 
is high enough to permit welding together of these surfaces when contact 
between them has been established, then mechanical working will 
eliminate the voids. Otherv^dse they will persist in the deformed metal, 
frequently as hairline cracks, and so will contribute to banding and to 
directionality in properties. 

Except in the rather unlikely event that it should allow diffusion to 
eliminate coring, heal hairline cracks, and create a truly homogeneous 
structure throughout the metal, heat treatment subsequent to mechani¬ 
cal working will not eliminate banding. Particularly because of the 
presence of nonmetallic inclusions whose solubilities in the solid metal 
are typically very slight, some degree of heterogeneity ordinarily 
persists in a metal even at its melting point. As a result, a banded 
structure is normal in any commercial metal or alloy that has been 
mechanically worked at any time during its history. Heat treatment 
subsequent to working, or forming at elevated temperatures, may reduce 
the degree of banding but does not often eliminate it completely. 

8-5. Mechanical Effects of Banding 

Because of banding, most forged, pressed, rolled, or drawn metals 
are appreciably weaker and more brittle transverse to the banding axis 
(across the grain) than parallel to it (with the grain). This is particularly 
evident in impact service and in bending operations. Thus, a “dirty” 
steel—one containing an undesirably large amount of nonmetallic 
inclusions—is likely to fail suddenly with a brittle, rather fibrous 
fracture when it is bent sharply in such a way that the axis of the bend is 
parallel to banding in the steel. An equally sharp bend at right angles 
to this can often be made in the same steel without difficulty. 

On the other hand, the. flow lines which indicate banding are often 
very useful in indicating where and how the metal has flowed during 
a particular forming operation, and they are frequently the principal 
evidence in some rather interesting metallographic detective work. For 
example, in one well-known case (and there have been many others 
like it) a crane hook failed disastrously in service, and the pattern of 
flow lines in it indicated both the cause of failure and the liability for 
it. The purchaser of the hook, in whose plant it failed, had specified that 
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the hook be manufactured by forging it from a steel bar of a certain 
grade. As is illustrated in Fig. 8-1 la, rolling of the original bar would 
have created a pattern of flow lines parallel to its length, and forging 
the bar into a hook would then have curved these flow lines to follow 
the contour of the hook itself. However, etching and examination of the 
failed crane hook revealed a flow-line pattern similar to that in Fig. 
8-1 \b. Obviously the hook had been cut from a rolled plate rather than 



Fig. 8-11. Flow Lines in Steel Hooks Manufactured by {a) Forging from a Rolled 
Bar, (i) Machining from a Rolled Plate. (Both specimens macroetched 20 minute* 

at 160“ F. in 50% HCl.) 


forged from a bar. In this case the relative weakness and brittleness 
associated with segregation of inclusions, etc., along the planes indicated 
by flow lines resulted in failure at F under the bending moment created 
by a normal service load. Had the hook been formed by a forging 
operation, as it should have been, the orientation of weak bands within 
the metal relative to the load would have been much less dangerous 
and the failure would probably not have occurred. The manufacturer of 
the hook was, of course, liable for the damage caused by its failure. 

The flow lines in a metal necessarily indicate some degree of 
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directionality in its properties; and as far as possible, metal flow in any 
forming operation should always be controlled so that the axis of the 
principal service stresses will be parallel to the flow lines and not normal 
to them. However, normally developed flow lines do not usually repre¬ 
sent a serious deficiency in this respect, and except m critical applica¬ 
tions where stresses are high, the flow-line pattern is frequently ignored. 
Whether directionality is serious even in a critical application cannot 
often be predicted with certainty simply from the appearance of the 
flow lines. Their trend and development should ordinarily be taken 
only as preliminary evidence either that the section is probably sound 
or that appropriate mechanical tests should subsequently be made to 
determine what its behavior under load actually will be. 

8 -6, Orange-Peel Structure 

Another manufacturing defect which frequently results from the 
mechanical deformation of a metal is the appearance on its free surfaces 
of an orange-peel structure. This is a rough, pebbled surface, made up of 
raised or depressed areas corresponding to the centers of individual 
grains, outlined by a pattern of valleys or ridges which correspond to 
their boundaries. In critically stressed sections so light that their thick¬ 
ness is of the same order as the diameter of a single metal grain, the 
variations in section represented by orange-peel may indicate a serious 
lack of uniformity in strength properties of the metal. This is true, for 
example, in the thin metal rupture disks now widely used to protect 
pressure vessels, piping, air lines, etc., against failure as a result of 
internal explosions or excessively high fluid pressures. More commonly, 
orange-peel is simply a surface defect, undesirable only with regard to 
surface appearance and sales appeal. It is a great nuisance, for example, 
on irregular deep-drawn shapes such as automobile fenders, where 
refinishing surfaces roughed by orange-peel is extremely expensive. 

As will be evident from Fig. 8-12, orange-peel is closely associated 
with slip bands. It develops only on a free surface of the metal, in 
response to compression or tension which tends to bulge the metal 
outward from that surface or to pull it inward. In the vicinity of grain 
boundaries, the slip that would accomplish such a change in elevation 
is partially suppressed, as was described in Section 7-36 in connection 
with slip bands. Toward the center of each grain the slip is more 
extensive, and if total deformation is considerable, a visible bulge or 
hollow develops there. In general, the larger the grain and the more 
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favorably it is oriented for slip, the greater is the surface relief developed 
by deformation. 

It has been found that differences in level within and between 
grains on an orange-peel surface are visible to the average human eye 
only in metals whose average grain diameters are coarser than about 

0.002 inch {about 25 grains per 
square inch at lOOX magnifica¬ 
tion, or approximately A.S.T.M. 
Grain-Size No. 6). With a grain 
size finer than this, the boundaries 
of each grain restrict slip so 
effectively even at its center that 
no bulging or sinking of individual 
grains is visible to the unaided 
eye. The slight relief that does 
develop and is easily identified 
under the microscope as orange- 
peel may give a previously 
polished metal surface a lightly 
frosted appearance. However, 
this is not usually objectionable, 
and it is easily hidden by a coat of paint. Therefore, fine grain size 
(about A.S.T. M. Grain-Size No. 7 or its equivalent) is usually specified 
in metal sheets intended for deep-drawing or for any other forming 
operation in which free surfaces are available during forming on which 
a visible orange-peel would be undesirable. 

In the laboratory it is sometimes convenient to develop an orange- 
peel structure simply to expedite grain-size measurement. This can 
be done by preparing a roughly polished surface on the specimen, then 
loading it in compression normal to that surface, e.g., by clamping the 
specimen in a vise with its polished surface horizontal, or passing it 
through a set of hand rolls with its polished surface vertical. Extensive 
deformation is unnecessary and is usually undesirable because it 
creates so much relief that individual grains cannot be resolved at the 
higher magnifications. 

8-7* Deformadon Bands (Strain Markings) 

The existence and nature of orange-peel structure have been dis¬ 
cussed here not only because orange-peel has real nuisance value in 



Fio. 8-12. Orange-Peel on Unctched 
a-iron Developed by Compression Normal 
to the Plane of the Surface. 50 x. 
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industrial forming operations, but also to introduce the concept of the 
nonhomogcncous rotation of segments within a crystal being deformed 

by slip. 

In any crystal in the aggregates of Figs. 7-25 and 8-12, slip bands 
are found to fade away rather suddenly as a grain boundary is ap¬ 
proached. This and a visible elevation or depression of the center of 
each crystal indicate that the extent of displacement was not constant 
along any given slip band or from one slip band to the next, but varied 
from a maximum in regions near the center of the grain to a minimum 
at its edges. Such a systematic variation in the extent of strain can only 
have resulted from slight rotations of each crystal segment, relative 
to the next, around axes normal to the active slip planes. From his 
electron-microscope studies of slip bands, Heidenreich^ concludes that 
rotation of this type occurs even between the individual laminae which 
compose a single slip band. Presumably rotations of adjacent laminae 
are cumulative within any given slip band, so that orientation differences 
between crystal segments separated by such a band might be con¬ 
siderable. When slip bands themselves are closely spaced, regions of 
the crystal relatively remote from each other might come to differ 
rather widely in orientation. Experimentally, angular differences of 10® 
to 20® and even more have frequently been measured between the 
orientations of different regions within the same cold-worked crystal. 

One result of orientation differences between different regions of 
the same crystal is the appearance of deformation bands on etched surfaces 
of crystals that have been extensively deformed. These are micro¬ 
scopically narrow regions (wider, however, than slip bands and some 
mechanical twins) which are always conffned to the interior of a single 
grain of metal and are attacked by etching solutions somewhat more 
rapidly than the regions which surround them. Apparently the deforma¬ 
tion band itself is actually a distorted region of abnormally high energy, 
lying between larger crystal segments which—through rotation relative 
to each other during deformation of the crystal—have come to differ 
significantly in their orientation. 

Under the microscope, a deformation band is usually quite irregular 
in shape, although it is often visibly elongated in the direction of 
principal strain. Its outlines are generally vague and poorly defined, 
and the band seems usually to fade away at its edges rather than to 

P' ‘•Structure of Slip Bands and Cold-Worked Metal," Cold Workine 

ojMttaU, Cleveland, American Society for Metals, 1949, pp. 57-64. 
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terminate sharply. The contrast between a deformation band and the 
rest of the crystal seems to increase continuously with the extent of 
mechanical deformation that preceded polishing and etching. 

Because of restraints imposed upon its deformation by its irregular 
boundaries with variously oriented neighbors, it occasions little surprise 
that strain is not homogeneous throughout any specific grain that is 



Fig. 8-13. Deformation Bands (Irregular 
Wavy Lines) in Crystals of Severely Cold- 
Worked o-iron. The relatively broad, 
nearly vertical line is a grain boundary. 
Oblique illumination, 1000 x. (Etch^ 
30 seconds in 5% Picral. This specimen 
was purposely overetched to emphasize 
the deformation bands.) 


part of a polycrystalline aggre¬ 
gate. Oddly enough, however, a 
similar lack of homogeneity in 
strain has frequently been noted 
in isolated single crystals that 
have been loaded in such a way 
as to approach closely the ideal 
condition for completely uniform 
deformation. Thus, pronounced 
orientation diflTerences and well- 
developed deformation bands 
have been observed even in the 
central regions of single-crystal 
test bars which were long re¬ 
lative to their diameter, so that 
the ideal condition of uniaxial 
tension was closely approached. 
This seems to indicate an in¬ 
herent but so far unpredictable 
tendency for different parts of 


the same crystal to rotate to different extents or even in different direc¬ 
tions in response to apparently identical conditions of loading. The 
explanation of this rotation will probably be found eventually in the 
stress fields associated with the dislocation lattice discussed in Chapter 7. 


Its implications with re'gard to the development of a mosaic structure 


are fairly obvious. 

Until their significance with regard to deformation mechanisms 
has been better evaluated, deformation bands will be of interest to the 
average metallographer chiefly because they are a nuisance. Their 
presence further complicates the microstructures of extensively cold- 
worked metals which are already confused by elongation of grains, 
flow lines, mechanical twins, etc. Thus they considerably increase the 
difficulty of resolving and identifying grain boundaries and other 
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stnictural features that have a much more direct interest to the metallog¬ 
rapher than the deformation bands have themselves. 

8 -8. Homogeneous Crystal Rotation 

As deformation of a metal proceeds, the slip process within it 
necessarily results in rotations of each crystal toward an orientation in 
which the active planes and directions of slip are parallel to the axis of 
principal strain. In the absence of external restraints on its deformation, 
the rotation of each crystal should apparently be homogeneous. 
However, some degree of restraint must always be imposed upon any 
crystal in order to deform it, and 
this plus the other effects just de¬ 
scribed unavoidably complicates 
the rotation picture. 

Neglecting for the moment 
these complicating factors, sup¬ 
pose that a single crystal of some 
close-packed hexagonal metal— 
zinc, for example—is oriented 
relative to a stress axis in such 
a way that a resolved shear suffi¬ 
cient to initiate slip will be de¬ 
veloped by a tensile load that is 
well below its ultimate strength. 

As stress is increased above the 
elastic limit, permanent elonga- 
don of the crystal begins by slip 
on (001) planes in a <100> dircc- 
don. This produces an offsetdng of block-line secdons of the crystal, as 
is illustrated schemadcally in Fig. 8-14ft. If slip on every aedve slip 
plane should occur parallel to the original orientadon of (001) planes 
shown in Fig. 8-14a, then extension of the crystal would necessarily be 
accompanied by lateral displacement of its ends away from the stress axis, 
PP. This would be equivalent to rotadon of the long axis of the spcci- 
men, away from the stress axis, PP^ through some angle B (Fig. 
8-14^). The greater the elongation of the specimen, the larger B must be. 

Actually, in order to extend the specimen in tension, its ends must 
be forcibly restrained from deviating in this way from the stress axis; 
the grips through which the tensile load is transmitted will automatically 



(a) 



(b) 


Fig. 8-14. Elongation in Tension of a 
Close-Packed Hexagonal Single Crystal, 
(a) Original specimen; (b) results of slip 
on (001) planes in a [100] direction; 
(c) results of slip plus crystal rotation. 
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maintain coincidence between the stress axis and the axis of principal 
strain, and so will prevent rotation of Q£away from PF. The situation 
represented in Fig. 8-14i is therefore an impossible one. Instead, after 
elongation to the extent there indicated, the crystal must be in the 
condition shown in Fig. 8-14c, where Offd^nd PP coincide. 

The two requirements that slip must be parallel to (001) planes 
and that elongation of the crystal must be parallel to the tension axis 
can be met simultaneously only if the extension of the crystal is accom¬ 
panied by the rotation of every (001) plane in it through an angle e 
towards the stress axis. This is equivalent to a reorientation of the 
crystal as a whole by rotation through the angle d around an axis, which 
is normal to the stress axis. The rotation is not, of course, actually 
accomplished by the displacement of Qfl through the angle $ away 
from PP, followed by a sudden return to coincidence, but rather is a 
continuous process. As slip progresses on any given plane, there occurs 
a corresponding and simultaneous rotation of the crystal so that Qfl 
and PP always coincide. By repeated determination of the orientation of 
a single crystal being elongated in tension, it is easy to show that this 
continuous rotation of the crystal actually occurs. The rotation is always 
such that the set of planes along which slip is occurring slowly approaches 
an orientation parallel to the axis of principal strain (here the axis of 
tension). 

A generally similar rotation of the crystal as a whole must and does 
result from slip induced by compressive loading, as is illustrated in 
Fig. 8-15. Here again, as is always true, rotation of the crystal itself is 
such that it brings the active slip planes toward an orientation parallel 
to the principal direction of metal flow—in this case, toward the plane 
of compression (which is normal to the axis of compression). 

Simultaneously with rotation of the crystal around a normal to the 
stress axis there occurs a second rotation around the stress axis itself 
which tends to bring the active slip direction into coincidence with the 
direction on the active slip plane along which shearing stress is a 
maximum. This is the result of rotational forces whose development 
may be illustrated by Fig. 8-16. If the actual slip direction is AB and 
the direction of maximum shear is AC, then resolution of the maximum 
shearing couple (forces S„ and S'„) indicates that somewhat lower 
shearing forces (^a and S'^) are effective along the active slip direction, 
and that their appearance is accompanied by the development of 
rotational forces {R and R') which tend to bring AB toward coincidence 
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with AC. As a zinc single crystal is permanently elongated, then, the 
<I00> direction along which slip is occurring (e.g., AB in Fig. 8-16) 
rotates continuously toward the arbitrary direction within the (001) 
plane along which the resolved shear is greatest {AC in Fig. 8-16). 
Since the (001) plane is itself rotating continuously toward the direction 
of principal strain, the active slip direction tends ultimately to approach 
coincidence with the axis of principal strain. 

The two simultaneous rotations described above do not occur in the 
case of hexagonal metals only, but in any metal in which sUp is occurring. 



Fig. 8-15. Derormation in Compression of 
a Close-Packed Hexagonal Single Crystal, 
(a) Original specimen; (b) result of slip 
plus crystal rotation. 



Fig. 8-16. Development of Rota¬ 
tional Forces on an .Active Slip 

Plane. 


No matter what the planes and what the direction of active slip, during 
deformation the planes rotate continuously about an axis normal to the 
stress axis and toward a position parallel to the axis of principal strain, 
and the direction rotates toward coincidence with the direction of the 
maximum resolved shearing stress within the active slip planes. This is a 
perfectly general effect which always and necessarily accompanies 
permanent deformation by slip. 

While the rotations described above should evidently be homo¬ 
geneous throughout any given crystal if strain is homogeneous, they 
are never homogeneous in practice because strain itself is not. For 
example, Fig. 8-14 and the discussion which accompanied it neglected 
the obvious fact that when a single crystal is elongated in tension, the 
portion of it contained in the grips through which tensile loading 
is applied is not appreciably extended. At each end of the crystal, 
therefore, is a region in which there has been neither appreciable slip 
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nor detectable rotation of the crystal. Between each of these regions and 
the elongated central portion of the test bar where slip and rotation 
have occurred, there must exist a transition zone in which—after 
straining—the cross section of the specimen varies continuously, and 
the extent of rotation varies with it. Distortion of crystallographic 
planes in this region creates what is actually a deformation band on a 
grand scale.-* On the finer scale of individual grains Widjm a poly¬ 
crystalline aggregate, thergstraint 
imposed by grain boundaries, 
etc., must interfere locally with 
crystal rotation, to create the 
microscopically fine deformation 
bands described in Section 8*7. 
On the finest conceivable scale, 
development of a dislocation lat¬ 
tice evidently creates a stress field 
which impedes slip in certain 
regions and facilitates it in others, 
to produce nonhomogeneous 
rotations even within a single 
crystal subjected to apparently 
homogeneous external loading. 

This interference with homo¬ 
geneous strain necessarily exists 
when loading is compressive as well as when it is tensile. In Fig. 8-15, 
for example, no matter how well lubricated they may be, the pressure 
plates through which the load is applied to the single crystal necessarily 
offer some frictional resistance to the extension of its upper and lower 
surfaces in the plane of compression. This always restrains deformation 
locally, so that some “barreling” of the specimen is unavoidable, and 
deformation is not completely uniform. 

Because of these effects, the rotation of a crystal being deformed is 
never truly homogeneous. However, the tendency toward homogeneous 
rotation exists in all metals and is often very important with regard to 
the development of preferred orientations in mechanically worked 
polycrystalline metals. 

< In the individual crystals of an aggregate, deformation bands seem always to ^ 
scopic in width. In single crystals, however, deformation bands as much as a mulimc er 
more in width have been reported by Barrett and others. 



Fic. 8-17. Restraining Effect of Machine 
Grips on the Extension and Rotation of a 
Single Crystal Elongated in Tension. 



273 


8-9. Preferred Orientation {Crystallographic Fibering) 

8-9. Preferred Orientation (CrystaUographic Fibering) 

As a polycrystalline specimen of any pure metal or homogeneous 
alloy is deformed, slip may be expected to occur on the same slip 
system or systems in every crystal present. Independent of their 
original orientation, therefore, every crystal in a homogeneous metal 
section being extended in a specific direction should undergo similar 
rotations relative to that direction. If deformation is extensive, every 
crystal present should ultimately approach the same orientation re¬ 
lative to the axis of principal strain. This actually occurs, and the 
parallel or preferred orientation that results is frequently important with 
regard to the physical and mechanical properties of the section as a 
whole. 

Individual crystals of any metal arc anisotropic to some extent, 
and most of them are quite strongly so. A polycrystalline metal is 
usually expected to be isotropic, but only because the random orienta¬ 
tion of crystals within it causes the directionality of any given crystal 
to be effectively neutralized by directionality of the same degree in all 
of its variously oriented neighbors. As a preferred orientation is 
developed by mechanical working of the metal, the effectiveness of this 
mutual cancellation diminishes, and the aggregate begins to reflect the 
anisotropy of its constituent crystals. Finally, if the preferred orientation 
becomes nearly complete, the aggregate approaches the condition and 
properties of a severely distorted single crystal. 

A preferred orientation is usually detectable in a metal after 
something like a 10% to 20% reduction in its cross-sectional area has 
been accomplished by cold mechanical working. When it first appears, 
there always remains much scattering in the orientation of individual 
crystals around the ideal orientation. As deformation continues, scatter 
is reduced; and eventually, with reductions in area of the order of 
80% to 90%, the preferred orientation may become almost complete. 
Industrially the preferred orientation from cold working is usually 
most evident in thin sheet and wire rolled or drawn cold from very 
plastic metals. Here the extent of cold reduction is extreme, its effects 
extend throughout the entire rather thin cross section of the metal, and 
gross deformation is so nearly uniaxial that a similar orientation is 
usually developed in every part of the section. 

When the crystallographic nature of a metal is known, knowledge 
of the planes and directions along which atomic packing is most dense 
makes possible a prediction of the slip systems which should become 
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active at the lowest stress. Apparently this should also permit an accu¬ 
rate prediction of the specific orientations that will be developed within 
the metal by any given forming operation. In practice, this is usually 
possible in the case of single crystals extended under essentially uniaxial 
loading. However, two major variables appear in commercial forming 
operations which in their case tremendously complicate such a predic¬ 
tion. First, the flow of metal in an industrial forming process is rarely 
uniaxial, and the direction of principal strain in any given region is 
often impossible to predict. Thus, wire drawn through a die is reduced 
not by simple tension only but, within the die, by a complex pattern of 
tension, compression, and shear. A metal being cold rolled is subject to 
surface tension behind the rolls and to shear between them, as well as 
to the compressive forces which are immediately apparent. Wall 
thickness of a cylindrical cup being deep-drawn is often increased 
instead of reduced in regions where it appears that tension should 
prevail, etc. 

Second, deformation of any given crystal within an aggregate occurs 
by essentially simultaneous slip on a multitude of slip systems whose 
interrelationships are so complex that the resulting rotations of the 
crystal are often quite unexpected and, in fact, quite unexplainable. 
Evidently the local restraints on slip and the local concentrations of 
stress that exist within a polycrystalline metal being deformed fre¬ 
quently cause slip to occur not only on the possible slip systems in 
each crystal, but also on other systems which, for a single crystal, would 
be impossible. As a result, the rotations of a crystal within an aggregate, 
and the orientation it approaches relative to any given strain axis, may 
be quite different than those of a single crystal similarly deformed. 

Because of these variables, the preferred orientation that will be 
developed within any polycrystalline metal by any given forming 
operation can be predicted with certainty only on the basis of experience, 
and not from theoretical considerations or from the behavior of a single 
crystal. However, metals are consistent in their deformation behavior, 
and in their rotation toward a preferred orientation obviously follow 
the same natural laws. The most basic of these laws, which applies as 
well to aggregates as to single crystals, is that slip within a crystal is 
always accompanied by rotations of that crystal such that the plane 
and direction of active slip approach orientations parallel to the axis of 
principal strain. This law alone is not a suflScient basis for predicting 
the orientation which will finally be assumed. But it is sufficient to 



275 


8-10. Industrial Importance of Preferred Orientation 

indicate that there is a sound physical reason why a preferred orienta¬ 
tion of some kind should be and is developed in any metal as it is 
extensively cold worked. 

8-10. Industrial Importance of Preferred Orientation 

Metals in which well-developed preferred orientations have been 
developed by cold working resemble in many of their properties, and 
particularly in the directionality of their properties, strain-hardened 
single crystals of the same metals. Occasionally this fact can be used 
to advantage, but usually it is a pronounced disadvantage to the 
fabricator and the user of the metal. 

An outstanding example of the effects of preferred orientation upon 
the properties and industrial usefulness of a metal is offered by cold- 
rolled magnesium sheet. During extensive cold rolling, a bar of mag¬ 
nesium in which grain orientation was initially random will develop a 
nearly perfect preferred orientation in which the {001} planes of all the 
crystals present are approximately parallel to the surfaces of the sheet, 
and the <100> directions are approximately parallel to the rolling 
direction.5 Since slip is possible at atmospheric temperatures only on 
(001} planes in <100> directions, directionality in mechanical properties 
of the cold-finished sheet is both extreme and serious. In fact, the 
condition and behavior of the sheet resemble very closely those of the 
zinc single crystal discussed in Section 7-14. In tension either parallel 
to the surface of the sheet or normal to it, the magnesium now shows 
almost zero plasticity. It is therefore ruined for most further forming 
operations, and for most service applications where any degree of 
toughness is required. Unfortunately (as is brought out in Chapter 9), 
the preferred orientation in magnesium cannot be eliminated by 
subsequent heat treatment or avoided by working the metal at elevated 
instead of atmospheric temperatures. To prevent the development of 
preferred orientation and its serious consequences with regard to the 
mechanical properties of the metal, extensive mechanical deformation 
of magnesium must ordinarily be avoided. This is true of the other 
hexagonal metals as well, and is one of their serious limitations. 

In polycrystalline aggregates of the cubic metals, the crystal rotations 
which accompany slip are generally similar to those which occur in 

onentation is often described as (001)[l00], indicating an {001} plane 
I^ld to the free surface of the meul and a <I00> direction parallel to the axis of principal 
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hexagonal metals, but with the important difference that in a cubic 
metal the rotations may result from alternate slip on intersecting sets of 
planes instead of on a single set. In copper (face-centered cubic), for 
example, slip can occur with equal facility on any of four intersecting 
sets of octahedral planes, and in any of three <110> directions on each 
of these planes (neglecting the reverses of these directions). In tension, 
then, slip occurs first on the set of {111} planes that happens to fall 
most nearly at 45® to the tension axis, and along whichever of the <110> 
directions within that plane happens to be nearest to the direction of 
maximum resolved shearing stress. Suppose that in one particular 
crystal of copper the slip system that first becomes active is the [Oil] 
direction along the (111) planes. As slip continues, this direction 
and these planes rotate continuously toward positions parallel to the 
tension axis. Their rotations have two major results. First, continued 
rotation beyond the 45® position continuously reduces the resolved 
shearing stress on the (1 iT) planes; and second, since it involves rotation 
of the crystal as a whole, it causes some intersecting set of {111} planes 
—for example, the (111) planes themselves—to approach more nearly 
the orientation at 45® to the stress axis in which shearing stress is 
greatest. In other words, the rotation that accompanies slip on the 
(llT) planes causes the resolved shear along them to diminish, while 
simultaneously it increases the resolved shear on the (111) planes. 
Eventually the shearing stress becomes greater on (111) planes than it 
is on (111) planes, so that slip ceases on the (111) set and begins on the 
(111) set in some other of the < 110> directions—for example, [TOlj. This 
reverses the rotation of the crystal, causing shear to diminish on the 
(111) planes now active and to increase again on the (1 iT) set. After a 
certain amount of additional deformation has occurred, the resolved 
shear will again be greatest on the (llT) planes, slip will be resumed 
there and will continue until rotation of the crystal returns the (111) 
set to a more favorable orientation, etc. Duplex slip^ alternating between 
these two sets of planes, continues until fracture of the metal occurs. 

As a result of duplex slip, the two slip systems that are alternately 
active assume and then maintain positions which arc approximately 
symmetrical about the axis of principal strain. This symmclnc^ 
arrangement represents the preferred orientation approached by 
the copper crystals present and similarly strained. In cold rolling 
copper, therefore, it is found that the preferred orientation finely 
produced is one in which a <U2> direction is parallel to the rolling 
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direction and a {110} plane is parallel to the rolling plane. It will be 
noted in Fig. 8-18 that [TOl] and [011], the active slip directions in the 
crystal considered, are symmetrical about the [112] direction, while 
(ill) and (llT), the active slip planes, are symmetrical about a (110) 

planc.^ 

Since a face-centered cubic metal has four intersecting sets of 
potential slip planes instead of just one set, the directionality in properties 
that results from development of a preferred orientation is neither so 
extreme nor so disastrous as it is in a hexagonal metal. Nevertheless, 
it is often Very evident, and occasionally it is a real source of trouble in 
forming or fabricating operations or in service. Thus, when cupped or 



Fig. 8-18. Development of Preferred 
Orientation in a Face-Centered Cubic 

Crystal. 



Fig. 8-19. Earing of a Cup Deep- 
Drawn from a Face-Centered Cubic 
Metal Sheet in Which Preferred 
Orientation Was Pronounced. 


drawn shapes are formed from cold-rolled copper sheets or any other 
cold-finished cubic metal, four symmetrically arranged ears usually 
form on the upper rim of the shape. Earing results from directionality in 
properties in the blank from which the shape was formed, each ear 
representing a direction in which resistance to deformation was 
relatively low.’ The height of the ears varies directly with the com¬ 
pleteness of the preferred orientation that existed in the blank. Greater 
than average elongations in the region of the ears are accompanied by 
greater than average reductions in the thickness of the sheet, and so 
earing results in variations in the wall thickness of the drawn shape. 

Ml »hcmld, perhaps, be pointed out that the two examples discussed above—the cold 
rolli^ of magnesiun and of copper—were selected because the preferred orienUlion 
develop<rf m each case was exactly that which would be predicted from theoreUcal considera- 
tions ^ from the behavior of single crystals. To emphasize the warning in SecUon 8-9 
that Utu u not always true, it need only be noted that when magnesium is cold drawn into a 
^ It IS a <210>direction that becomes parallel to the wire axis instead of a <100> and that 
in cold-drawn copper wire it is either a <111 > direeUon or a <100), and never a <112>. 
vin bocagonal metals, sue can commonly appear instead of.four. 
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Further, in an industrial operation, the ear? themselves must usually be 
trimmed off, representing a waste of both time and material. However 
perhaps the most serious aspect of earing is that it indicates a direction¬ 
ality in properties so pronounced that it is very likely to result in 
splitting of the metal either during the drawing operation itself, or in 
some later forming operation (e.g., in spinning or flanging the cup), or 
in service. 

In body-centered cubic metals, the progress of slip is generally 
similar to that described above for face-centered cubic ones. Here, 
however, initial slip is on some set of planes containing a <111> direc¬ 
tion, and slip continues on that set only until crystal rotation brings 
another relatively strong set of planes—also containing a <111> direc¬ 
tion—into a position such that the resolved shear is higher on the second 
set than on the first. Thereafter, slip occurs on this second set of planes 
until the first set has been returned to the more favorable orientation, 
etc. Duplex slip then continues up to the point of fracture. The extent 
of deformation that precedes fracture is usually less in a body-centered 
cubic metal than in a face-centered cubic one, and in a body-centered 
cubic crystal it is sometimes so limited that duplex slip never begins. 
Further, the preferred orientation finally produced is not often so 
complete as in a face-centered cubic metal, both because deformation 
is less extensive and because, in a body-centered cubic metal, slip is 
not confined to the same family of planes in all crystals or in all parts of 
the same crystal. 

However, in cold-rolled steel sheets, which are predominantly 
a-steel (body-centered cubic), the preferred orientation is usually 
well-enough developed to result in lower tensile and yield strengths and 
lower ductility across the grain (transverse to the rolling direction) than 
parallel to it. This has led to a common practice cross-rolling sheets foi 
deep-drawing purposes, etc.—rolling them alternately in two directions 
at right angles to each other, to break up the preferred orientation that 
would develop if all the extension were in the same direction. Unfor¬ 
tunately, cross rolling is expensive, and because of difficulties in 
designing wide rolls for thin sheets it is necessarily restricted to rather 

small sheets. But it is economical in many cases.® 

On the other hand, in producing grain oriented silicon-iron 

8 To insure essendally complete elimination of preferred orientation, cr^ 
must usually be accompanied and followed by carefully controlled annealing. Thu is brougm 

out in Chapter 9. 
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transformer sheets, special treatments (i.e., carefully controlled rolling 
and annealing cycles) are used to produce coarse-grained metal in which 
the preferred orientation is as nearly perfect as possible. The finished 
and trimmed sheets are then arranged and assembled so that the <I00> 
direction, which is parallel to the rolling direction, will also be parallel 
to the direction of the magnetic field imposed on the metal in service. 
It happens that, in iron, the <100> directions are those in which 
magnetization occurs most readily, while the <110> directions (trans¬ 
verse to the sheet) have much lower permeability. This arrangement, 
therefore, gready increases permeability and significantly reduces 
hysteresis losses in the transformer core. In other applications, however, 
where uniformity in magnetic properties is desirable in all directions, 
the same type of sheets may be carefully cross-rolled in order to minimize 
development of preferred orientation. 

There are a few cases, then—chiefly in magnedc applications—in 
which preferred orientation can be used to advantage. More commonly, 

because of the resulting directionality in properties, it is a real 

* 

disadvantage. In general, a preferred orientation developed by a 
cold-forming operation is such that it distinctly reduces both the 
strength and the plasticity properties of the metal in directions nor¬ 
mal to that in which the metal has been extended. This reinforces 
the effect of banding (discussed in Section 8-5), and so it is doubly 
serious. 

The most sensitive method of detecting the preferred orientation in 
a metal is to examine it for directionality in such properties as ultimate 
tensile strength, magnetic susceptibility, etc,® X-ray diffraction tech¬ 
niques, etching tests, and other metallographic methods usually require 
a much more pronounced parallel orientation before they give definite 
evidence of its existence. Thus (although precise values vary widely 
with the metal involved and the forming method used) it is often true 
that preferred orientation cannot be detected by X-rays, etc., until 
about 30% to 50% reduction in area has been accomplished by cold 
mechanical working, whereas it can frequently be detected in the same 
metal from directionality in physical and mechanical properties after 
only 10% to 15% reduction. 

It has already been noted that heat treatment cannot eliminate 
preferred orientation from magnesium or magnesium-base alloys once 


* G. Sachs 
Metals, 1940. 


and K. R. Van Horn, Praelieai Metallurgy, Cleveland, American Society for 
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it has been developed in them by mechanical working. Although there 
are important exceptions to this, it is usually true also of the other 
common metals of engineering, as will be discussed in the next chapter. 
Therefore, in 'any given specimen of any wrought metal, the presence 
and the degree of preferred orientation are not determined simply by 
the last forming operation which precedes its examination, but rather 
by the nature, extent, and effectiveness of every previous mechanical 
and thermal treatment to which it has been subjected since it first 
appeared as a crystalline solid. Existence of some degree of preferred 
orientation is the rule among wrought metals rather than the exception, 
and its effects upon service behavior are often far more serious than has 
generally been suspected. 

8-11. Strain Hardening from Preferred Orientation 

In tension, for example, the rotations of the crystal which produce a 
preferred orientation are such that both the plane and the direction of 
slip approach the tension axis as deformation proceeds. As the angle 
between active slip planes and the stress axis is reduced below 45®, the 
shearing stress on these planes resolved from a given external load is 
continuously reduced. Continued slip therefore requires continuously 
greater longitudinal tension, and this effect has frequently been used as 
a partial explanation of strain hardening. Certainly it is not a complete 
or sufficient explanation. 

In the later stages of deformation of a metal such as zinc, in which 
only one set of planes is active in slip, the effect of preferred orientation 
on the longitudinal tension or compression required for slip is undoubtedly 
important. In general, however, the instantaneous stress vs. strain 
curve indicates that, even for zinc, strain hardening occurs most 
rapidly in the earliest stages of deformation of a metal, long before 
there has been a significant departure from randomness in the 
orientations of its constituent crystals. Further, in a face-centered 
cubic metal such as copper, duplex slip will continue after an essen¬ 
tially perfect preferred orientation has been developed, and, of course, 
with no accompanying change in the preferred orientation. The 
rate of strain hardening remains substantially constant while this 
occurs. 

Development of a preferred orientation cannot, then, be considere 
more than a minor contributing factor with regard to strain hardening 
of the metal being deformed. 
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8-12. Energy Changes from Mechanical Deformation 

In order permanently to deform a metal, irreversible work must be 
done on it. Much of the mechanical energy supplied to do this work 
appeals within the metal as sensible heat, and if deformation is rapid, 
the metal temperature may rise by several hundred degrees. Very 
precise measurements have shown, however, that the amount of heat 
developed within the metal is never quite equivalent to the amount of 
mechanical energy expended in deforming it.^*^ By the difference 
between the amount of mechanical energy supplied and the amount of 
thermal energy evolved, the quantity of energy stored in the metal can 
be measured. It is found to increase with extent of deformation to a 
limiting value of the order of ^ to 2 calories per gram of metal, and 
thereafter to remain substantially 
constant, as is indicated by the 
curve in Fig. 8-20. This amount 
of stored energy represents some¬ 
thing less than one-tenth of the 
energy required to deform the 
metal, but it is still very important 
with regard to its internal con¬ 
dition and its thermodynamic 
stability. 

From previous discussions it 
is evident that the mechanical 
energy stored within a metal is 
actually present there as potential 
energy of atoms elastically displaced from their equilibrium positions 
in its crystal structure. The restoring forces developed by displaced 
atoms are actual stresses, and it is therefore common to say that 
mechanical energy is stored in a metal as residual stresses (or locked-up 
stresses). The accompanying elastic distortion of the structure is also 
often attributed to residual strains. However, the latter term is confusing 
with regard to permanent strain by slip, which is also residual and which 
contributes rather to dissipation of energy than to its storage. Hence 
the term “residual stress” is usually preferred. 

All of the mechanical energy stored in a cold-worked metal can be 
accounted for by elastic distortion of its crystal structure. It is found, 
however, that the residual stresses developed by this distortion are 

F. Sdtt, Tht Pi^sia of Metals, New York, McGraw*HiU Book Company, Inc., 1943. 
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continuous over regions of two distinctly different ordere of magnitude. 
Stresses which are continuous over regions whose dimensions are of the 
order of 1 micron {10-* cm.) or larger are described as macroscopic residual 
stresses, or macrostresses. Those affecting regions whose dimensions are 
only a few interatomic distances or, at most, the diameter of a single 
metal crystal, are identified as microscopic residual stresses, or microstresses, 
although the regions affected by them are in general actually sub- 
microscopic. 

8-13. Macrostresses (Heyn Stresses) 

When residual stress is mentioned in metallurgical literature without 
qualifying adjectives, it ordinarily refers to forces balanced over regions 
large enough to be examined by means of ordinary strain gages, i.e,, 
to macrostresses. 

Macrostrcsses are developed whenever (as is usually the case) the 
extent of permanent deformation is not uniform throughout the entire 
cross section of the metal being deformed. When the external load 
producing the deformation is removed, the region which was most 
elongated prevents adjacent regions from springing back to the full 
extent of the elastic strain originally imposed upon them, so that they 
are left in residual tension. The region most elongated is thus left in 
balancing residual compression. 

One of the clearest examples of the development of macrostresses is 
offered by the shot-peening treatment now frequently used on drill 
steel and machine parts for the express purpose of leaving their surface 
layers in residual compression.il In shot peening, fine steel or cast-iron 
shot is projected mechanically or by an air blast against the surface of 
the metal. As it strikes that surface, the shot tends to compress the 
metal normal to the surface, and to increase its area in the plane of the 
surface. Since a very light shot is used, the permanent deformation that 
it produces is confined to a layer of metal extending only a small 
fraction of an inch below the peened surface. The tendency of the 
surface layer to spread out over a larger area is resisted by the under¬ 
lying metal to which it is still firmly attached, and which has not been 
similarly deformed. As a result, the surface layer is restrained from 
covering an area as large as that which, in the absence of undeformed 
metal beneath it, it would normally occupy, and so it is left in residual 

As U discussed in Chapter 10, residual compression is very effective in postponing or 
preventing fatigue failure. 
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compression. In resisting the expansion of the surface layer, the under¬ 
lying metal is extended to cover more than its normal (unstressed) area, 
and so is left in residual tension. That such a pattern of residual stress 
actually exists can be demonstrated by observing the changes in length 
of a shot-peened bar which result from machining away its surface. 
As the compressed outer layers of metal are removed, tension in the 
underlying metal is relieved by a spontaneous decrease in length of the 
bar, which slowly returns to exactly the length it had before it was 

peened. 

Similar conditions of macroscopic residual stress, and also much 
more complex ones, are frequently developed by the nonuniform 
expansions and contractions which accompany thermal gradients 
during welding and heat treating, as well as by many of the common 
industrial forming processes. The residual stresses developed are often 
equivalent locally to the elastic limit of the metal. Occasionally, as in 
the case of shot-peened drill steel, they can be used to advantage to 
resist service loading. Unless controlled, however, residual stress is 
very likely to reinforce service stresses locally, and so lead to fracture 
under unexpectedly low external loads. Similarly, it often reinforces the 
stresses developed by thermal expansion or contraction, and increases 
the probability of cracking during subsequent welding or heat treatment, 
or of severe distortion if cracking does not occur. Even during machin¬ 
ing, residual stress is an expensive nuisance. Removal of metal stressed, 
for example, in residual compression allows the spontaneous contrac¬ 
tion of some adjacent region formerly stressed in balancing tension, 
and so produces an unexpected change in the dimensions of the part 
being machined. When very close dimensional tolerances must be 
maintained, it is best to begin with metal that is essentially free of 
macrostresses. 

8-14. Microstresses 

From the dimensional changes that occur during the machining of 
simple shapes, and from X-ray diffraction studies of the metal in place, 
the presence and the magnitude of macroscopic residual stresses can 
often be determined with reasonable accuracy. It is found that macro- 
stresses are frequently high, and they are often very important with 
regard to the behavior of the metal during subsequent forming, fabrica¬ 
tion, and service. Serious as they are, however, macrostresses account 
for only something like 0.1% of the toUl energy stored in a metal by 
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cold mechanical work.12 The rest of the stored energy—nearly all of it— 
is found to exist as microstresses, i.e., as crystal distortion on the atomic 
scale of dimensions. 

Microscopic residual stresses affect principally regions of the order 
of lO""^ to 10-8 cm. in dimensioni^—a few unit cells only. Most such 
regions are in the vicinity of grain boundaries, but the stress condition 
seems usually to extend, with diminishing intensity, over regions as 
large as a single ordinary-sized grain of metal. The exact form of the 
crystal distortion that develops these stresses is not known, but the 
extra energy represented by dislocations, deformation bands, and 
mosaic boundaries undoubtedly accounts for a major fraction of it. 

One very important result of the increased internal energy of a 
cold-worked metal is a significant increase in its chemical activity, 
which often seriously reduces its service life in applications where it is 
exposed to corrosive attack. Still more important is the fact that its 
high-energy condition makes it thermodynamically unstable relative to 
unstressed metal of the same type which may be present in its immediate 
environment. This significantly affects its behavior with regard to 
grain growth, recrystallization, and creep, which are considered in 
Chapter 9. 


8-15. Bauschinger Eflfect 

One rather mysterious aspect of metal behavior which is immediately 
explainable in terms of microstresses is the Bauschinger effect. In the 
interests of simplicity, this was omitted from previous discussions of the 
stress-strain relationship in metals. 

When a polycrystalline metal is permanently strained in tension and 
the external load is removed, then—as was discussed in Section 8-1— 
reapplication of the tensile load reveals a proportional limit somewhat 
higher than that originally determined. If, however, the metal is first 
permanently strained in compression and then elongaged in tension, it 
will be found that the proportional limit in tension is lower than that 
determined on a specimen not previously strained. Similarly, prestrain- 
ing in tension reduces the value of the proportional limit determined in 
a subsequent compression test. This is the Bauschinger effect, and it may 
be summarized as follows: Permanent deformation of a metal in tension 
increases the proportional limit in tension, but reduces it in compression, 


12 F. Seitz, 0^. 

M C. S. Barrett, Simture of Metals, New York, 


McGraw-Hill Book Company, Inc., 1943. 
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convereely. permanent deformation of a metal in compression increases 
the proportional limit in compression, but reduces it in tension. The 
Bauschinger effect is also observed in reversed torsion,I-* where twisting 
the specimen in one direction raises the proportional limit for subsequent 
rotation in the same direction, but lowers it for rotation in the opposite 

direction. 

The Bauschinger effect originates in nonuniform permanent strain 
of adjacent crystals within the aggregate being deformed. In tension, 
for example, a crystal so oriented that its potential slip planes are at 
almost 45® to the stress axis begins to deform by slip under a relatively 
low external load. A neighboring crystal, less favorably oriented relative 
to the stress axis, requires a somewhat higher tensile load to initiate 
slip. (This, incidentally, is one reason why most metals do not show a 
well-defined elastic limit or yield point. ^5) At any given load, the two 
crystals must deform by equivalent amounts in order to maintain the. 
boundary between them intact. However, at loads above the elastic 
limit of the metal as a whole, most of the deformation of the first 
crystal is permanent, by slip, and most of the deformation of the second 
crystal is elastic. When the external load is removed, the second crystal 
tends to spring back to almost its original dimensions, but is restrained 
from doing so by the first crystal, which has been permanently extended 
parallel to the stress axis. As a result, at zero external load, the second 
crystal is left in residual tension, and the first in balancing residual 
compression. 

This pattern of microscopic residual stresses is not important with 
regard to the proportional limit determined by immediately reloading 
the specimen in tension, since reapplication of the tensile load pro¬ 
gressively eliminates residual stress until the exact conditions are re¬ 
established that existed just before the initial tensile load was removed. 
A slight further increase in tensile load then causes permanent defor¬ 
mation to continue from the point at which it was interrupted. If, 
however, this pattern of stresses is developed by prestraining in tension 
and the specimen is then loaded in compression, the crystals preloaded 
in residual tension will tend to contract spontaneously along the 
compression axis, and the crystals subject to residual compression will 
be preloaded by a stress field that reinforces the external load. As a 

G. V. Smith, “Strain Hardening—EfTects of Alloying Elements and Microstrticture,” 
Gwd Workiiig of Metals, Cleveland, American Society for Metals, 1949, pp. 2-29. 

T, *, Phillips, Struetuu and Properties of Allens, Nc>v York, McGra>v-Hill 

Book Company, Inc., 1949. 
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result, a detectable permanent deformation of the metal as a whole 
appears under relatively low external compressive loads, and the elastic 
limit and proportional limit in compression have been significantly 
reduced by prestraining in tension. 

The same line of reasoning can, of course, be followed to explain 
the effects of previous compression upon the proportional limit in 
tension, of reversed torsion upon the proportional fimit in shear, etc. 

It must be emphasized that in any of these forms the Bauschinger 
effect does not represent strain softening—i.e., removal of strain 
hardening as a result of stress reversal—as has so often been suggested. 
Normal strain hardening occurs whether the initial load is tension, 
compression, or shear, and continues throughout deformation no 
matter how many times the load is removed or reversed. The Bauschinger 
effect is purely a result of microscopic residual stress, and it would 
actually be still more pronounced if strain hardening did not accom¬ 
pany each increment of permanent deformation of the metal. 

8-i6. Elastic Aftereffect (Elastic Hysteresis) 

Related to the Bauschinger effect is the elastic aftereffect, which was 
also omitted from previous discussions of stress-strain relations in 
metals. 

When a tensile load a (Fig. 8-21) is imposed upon a metal specimen 
and then very slowly removed, strain diminishes during its removal 
according to some curve bcy which is nearly parallel to the initial 
“straight” portion of the stress-strain curve. More rapid removal of 
the external load displaces the unloading curve slightly to the right— 
for example to bd, at higher strain. This displacement results from 
development of localized residual compression during unloading, in 
regions where elongation was more extensive than the average for the 
specimen as a whole, which prevents complete removal of the tensile 
stress induced by the external load. At zero external load, there then 
occurs a slow additional contraction of the specimen, reducing strain 
from Od toward Oc. If initial deformation is very small and enough 
time is allowed, strain may finally disappear. 

The slow reduction in the extent of deformation that occurs after an 
external load has been removed is called elastic aftereffect. Undoubtedly, 
in the case described, it results from the slow yielding of small regions 
stressed rather highly in residual compression, which allows spontaneous 
elimination of residual tension in adjacent regions. At least in part, 
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this occurs by the process of recovery^ which is discussed in the next 

chapter. . 

Similar effects are observed if the original loading is in compression 

or in shear instead of in tension. 



Fio. 8-21. The Elastic Aftereffect and Mechanical 

Damping. 


8-17« Damping 

If the tensile specimen in Fig. 8-21 is initially loaded to stress a and 
the load is then rapidly removed, strain during unloading will follow 
some curve such as bd. Residual strain at zero load, Od, will be some¬ 
what greater than Or, which represents strain in the almost complete 
absence of residual microstresses, but somewhat less than the strain 
which would have remained had unloading been instantaneous. In 
other words, during unloading of the specimen there will have been 
some local yielding of the-metal, which is equivalent to elastic after¬ 
effect. Part of the residual stress that would have existed if unloading 
had been instantaneous is eliminated by actual permanent deforma¬ 
tion on the microscopic scale of dimensions. During reloading, then, 
stress and strain do not have the same relations they maintained during 
unloading, since the spontaneous yielding which occurred during 
unloading must be forcibly reversed during reloading. The stress-strain 
curve during reloading is therefore displaced toward higher stress, 
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according to some curve such as dashed curve db in Fig. 8-21. During 
subsequent unloading, at the same rate previously maintained, solid 
curve bd will be very nearly retraced; during the next cycle of reloading, 
dashed curve Jb will be approximately repeated, etc. Consistently, 
except at points d and b, nominal stress at any given value of strain will 
be somewhat higher during loading than during unloading. A similar 
effect is noted whether the load considered is tension, compression, 
shear, alternating tension and compression, or reversed shear. 

The area of the hysteresis loop contained between dashed curve db 
and solid curve bd represents a definite amount of energy—the difference 
between the amount of mechanical energy required to deform the 
metal to point b (i.e., the area under dashed curve db) and the amount 
returned by the metal during its unloading (the area under solid curve 
bd). With repeated loading and unloading of the specimen, strain 
hardening makes local yielding of the metal progressively more difficult, 
reduces the extent of elastic aftereffect, and diminishes the area of the 
hysteresis loop. But even at low stresses and with thousands or even 
millions of repetitions of the stress cycle, it never reaches zero width. 
Always, at least a small amount of energy is absorbed by the metal as 
it is loaded and unloaded. Much of the absorbed energy is converted 
into heat, and most of the rest is stored within the metal as the distor- 
tional energy associated with strain hardening. In metals that strain 
harden rapidly, the hysteresis loop is soon reduced to a narrow and 
essentially constant shape which, however, still represents the absorp¬ 
tion of a definite amount of energy by the metal during each cycle of 
loading and unloading. 

The ability of a material to absorb mechanical energy during a 
cycle of reasonably rapid loading and unloading is identified as its 
damping capacity. Usually, but not necessarily, the complete stress cycle is 
accompanied by no detectable changes in the permanent dimensions of 
the metal. 

Damping capacity is important principally with regard to “elastic 
vibrations,” and may be exemplified by the behavior of a tuning fork. 
When a tuning fork is “rung,” its vibration creates an audible sound. 
With time, the intensity of the sound diminishes as the energy of 
vibration of the tuning fork is slowly dissipated. Only a small fraction 
of this energy appears as sound waves. The rest is dissipated by the 
internal friction represented by the hysteresis loop in Fig. 8-21. 

Industrially, the ability of metals to damp out vibration is extremely 
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important in reducing the danger of fatigue failure (discussed in 
Ch^ter 10) in machines and structures subject to mechamcal 
or repeated shock loading. It is also important for example, bed¬ 

ding plate of a high-speed machine, to reduce the intensity of the ^bra- 
tion transmitted to the shop floor and structure, to adjacent machines, 
and to the machine operator, and in railway car wheels, etc to mini¬ 
mize passenger discomfort and vibrational damage to the rolling stock. 

Metals vary widely in their damping capacity, i.e., the rate at 
which they damp out vibration. In order of diminishing damping 
capacity a few of them may be listed: nickel, tin, lead, copper, cadmium, 
iron, magnesium, aluminum.'^ Damping capacity is not obviously 
related to any other single mechanical property of a metal, including 
even its fatigue properties. Undoubtedly it is a complex function of the 
elastic modulus, elastic limit, rate of strain hardening, grain size, the 
number, size, and distribution of voids and inclusions, etc. High 
damping capacity is usually associated with a high degree of plasticity, 
but this is not always true; thus, gray cast iron—which is very brittle— 
has an outstandingly high damping capacity, because of the graphite 
flakes that are distributed through its structure. Further, damping 
capacity is not constant for any given metal but increases rapidly with 
increasing stress—presumably because, at higher stress, a greater pro¬ 
portion of the total strain is accomplished by irreversible slip. It also 
varies widely with vibrational frequency, as might be expected from 
the time dependency of the elastic aftereffect, upon which damping 

capacity is itself directly dependent. 

Damping capacity is of some theoretical interest in connection with 
the stress-strain diagram. All metals can and do damp out completely 
even very low vibratory stresses in the region of stress and strain where 
truly clastic behavior is expected. This, of course, implies that no metal 
is capable of perfectly elastic deformation at any level of stress, no 
matter how low. It also follows that, for a reason different from the one 
previously cited, the initial region of the stress-strain curve cannot be a 
straight line, nor can it ever represent completely reversible deformation. 


ft-i8. Other Structore-Sensitive Properties 

In addition to the mechanical properties discussed above, there are 
a number of other properties of metals that are structure-sensitivey i.e., 

1* Sir H. C. Carpenter, and J. M. Robertson, MttaU, New York, Oxford University Press, 
>939. 
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significantly affected by the changes in internal structure which 
accompany mechanical deformation. Among these are the following. 

1. Electrical Properties. As a result of the elastic distortion created 
within a metal by mechanical working, the periodicity of the electro¬ 
static fields in its crystal structure is disturbed, and its electrical 
resistivity is increased. The increase is not usually more than about 
2% to 5%, but even this is important when—as in the case of a copper 
busbar—electrical conductivity is the most important single property 
of the metal. Extensive cold drawing of tungsten wire has been found 
to increase its resistivity by as much as 30% to 50%. This is a far 
greater change than is observed in other metals, and is probably related 
to the existence of an oxide film at the boundaries between the tungsten 
grains. It has been suggested that the intergranular film may result in 
poor electrical contact between adjacent, elongated grains in the 
banded structure produced by drawing. 

2. Magnetic Properties. Disturbances created in the arrangement of 
the magnetic fields in its crystal structure cause most of the magnetic 
properties of a metal to be affected by mechanical deformation of it. 
Magnetic susceptibility, magnetic permeability, saturation magnetiza¬ 
tion, and remanent magnetism are reduced by cold working, while 
coercive force and hysteresis are increased by it.*’ 

3. Thermal Conductivity. The thermal conductivity of a metal is 
reduced by mechanical deformation in much the same way as is its 
electrical conductivity, and to about the same degree. The reduction is 
small enough so that in most applications it is unimportant. It becomes 
significant, however, where—as in low-temperature heat exchangers 
the highest attainable conductivity is desired. 

4. Machinability. The machinability of a metal is often a matter of 
tremendous and very direct economic importance, although unfor¬ 
tunately it is a property that has frequently been overlooked by the 
scientist and the engineer. Many examples might be cited of gears, 
dies, crankshafts, etc., for which the metal cost is a few dollars, heat 
treating and other costs are a few cents, and the machining cost is 
several hundreds of dollars. Even a rather small improvement in the 
machinability of the metal will often reduce the machining cost enough 
to pay for all the other steps in producing a complex part. 

It is not sufficiently appreciated that most soft metaU are actuaUy 

17 G. E. Doan and E. M. Mahla, 77« Prindples of Physical Metallurgy, N«v York, McGraw- 
Hill Book Company, Inc., 1941. 
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rather difficult to machine. The machine tool lends to deform rather 
than to penetrate them, so that power requirement is high. Metal 
tends to build up on the cutting edge, so that tool maintenance is 
difficult and power requirement is further increased. The chips pro¬ 
duced are torn away from the metal surface instead of sheared cleanly 
away, so that the surface finish is poor; the chips themselves are long, 
ragged, and tough, and hence often interfere with machine operation. 
The degree of embrittlement imparted by cold working such a metal 
often significantly improves its behavior in all these respects, giving a 
material that cuts crisply, with lower power requirement, better finish, 
and less tool trouble. Cold-rolled low-carbon steels and brasses, etc., 
are therefore justly popular in the machine shop. 

8-19. Structure-Insensitive Properties 

On the other hand, there are a number of structure-insensitive proper¬ 
ties which are unaffected by mechanical deformation of the metal, or 
are altered so slightly that the changes in them may safely be neglected 
for any ordinary purpose. 

1. Melting Point [Melting Range in Alloys). The energy stored in a 
metal by mechanical working should evidently reduce its melting 
point, and undoubtedly it would do so if the extra energy were still 
present as the melting point of the metal is approached. However, 
when enough energy has been stored in a metal to lower its melting 
point significantly, then, while it is being heated toward the rr^elting 
temperature, either recovery or recrystallization, or both, will occur to 
dissipate the stored energy. As is brought out in the next chapter, 
recovery occurs even at relatively low temperatures, and one of its 
first effects is at least partial relief of residual stresses. Recrystallization, 
which begins at somewhat higher temperatures, completely eliminates 
whatever distortional energy may remain. Since one or the other of 
these processes always precedes the melting of a cold-worked metal, its 
melting point (or melting range) is never appreciably reduced by 
previous mechanical deformation. 

2. Chemical Properties. Such chemical properties of a metal as 
activity, electrode potential, and heat of reaction are often appreciably 
increased by the stored energy of mechanical working. However, such 
other chemical properties as valence are completely unaffected by it. 

3. Density. The first increments of cold mechanical work seem 
usually to increase the density of a metal very slightly, presumably by 
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closing up the small voids in its structure produced by gas evolution or 
thermal contraction during freezing. More severe cold working then 
increases the volume of the metal by a small fraction of 1%, the 
increase resulting from the distortional energy stored in displaced 
atoms—which is equivalent, with regard to volume expansion, to an 
increase in thermal energy. However, the resulting volume change is 
always so small that for all practical and most theoretical purposes it 
can safely be neglected. Therefore it is generally assumed that the 
density of a metal is unaffected by cold mechanical working. 

4. Lattice Parameter. Since the density of a metal is not appreciably 
altered by cold deformation, neither is its average lattice parameter. 
However, crystal symmetry may be considerably distorted; and where 
localized residual stress exists, there will be a systematic change in, for 
example, the eja ratio of the unit cell. Such a change is detectable and 
measurable by X-ray diffraction methods, and this makes possible the 
valuable technique of residual stress measurement by comparison of 
any given lattice parameter of the stressed metal with the same para¬ 
meter for the same metal free of stress. 

5. Elastic Modulus. As was noted in Section 8-1, the elastic moduli 
of most metals, including steel, are increased so little by cold working 
that their changes can ordinarily be neglected. This may not always be 
true of copper, whose modulus seems to diminish slightly with the 
first increments of tensile elongation (probably as a result of the develop¬ 
ment of microstresses) and then to increase with further deformation to 
a value appreciably above its original one.^® An increase in elastic 
modulus of as much as 20% has been mentioned in the case of a few 
metals,but this is abnormal, and may be a directional property 
resulting from development of a preferred orientation. 

6. Specijic Heat. The specific heat of a metal is not appreciably 

altered by cold deformation. 

7. Coefficient of Thermal Expansion. While a slight increase in the 
coefficient of thermal expansion results from cold working,the 
change is not appreciable. 


J8 G. Sacha and K. R. Van Horn, op. eit. 

15> G. E. Doan and E. M. MahU,<^.f*<. ,(ua^ 

20 Mtuils Handbook, Cleveland, American Society for MetaU, \9Vi ed. 



CHAPTER 9 


The Effects of Elevated Temperature 


Most of the thermal energy absorbed by a metal as its temperature 
is raised appears within it as increased vibrational energy of its com¬ 
ponent atoms. The resulting increase in average energy per atom 
significantly alters both the behavior of individual atoms and their 
interactions with each other. This is, of course, reflected in important 
changes in the properties and behavior of the crystal as a whole, and so 
of the metallic aggregate of which the crystal is a part. 

9-1. Difiasion 

The most significant direct result of a temperature rise in a solid 
metal is that it increases diffusion rates, both for self-diffusion and for 
diffusion of alloying elements and impurities that may also be present. 

Basically, diffusion is simply the spontaneous change in location of 
individual atoms within an existing solid, liquid, or gas. Any process or 
reaction that involves spontaneous rearrangement or redistribution of 
individual atoms is accomplished ultimately by diffusion. The role of 
diffusion Nvill be discussed—either later in this book or in Alloy Series 
in Physical Metallurgy —in such varied metallurgical processes as grain 
growth, recovery, recrystallization, polymorphic transformation, homo¬ 
genizing heat treatment, precipitation hardening, carburizing and 
nitriding of steel, sintering of metal powders, pressure welding, and 
many others. Any factor that influences diffusion rates directly affects 
all such processes, and so is of immediate importance to the metallurgist. 

The probable mechanism of diffusion was discussed in Section 5-10, 
in connection with the existence of vacant lattice points in a metal. 
From this and the earlier discussion in Section 4-5, it is evident that 
diffusion is accomplished by successive movements of individual atoms, 
and that the movement of any given atom in a solid necessarily involves 
a certain energy of activation. Whenever activation energy is involved, 
the Maxwell-^ltzmann probability formula applies. 

293 
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As was described in Section 5-10, the average vibrational energy per 
atom {or molecule) in any given material at a specific temperature is 
fixed, but the energies of individual atoms actually vary in a probability 
distribution around this average value. Boltzmann demonstrated that 
at any given instant the fraction of the total number of atoms present 
having thermal energies higher than any previously assigned value E is 
proportional to: 

E 

e-kf> 

where e ~ the numerical base of the natural (Naperian) system of 
logarithms, 

E = any arbitrarily established minimum value of energy per 
atom, 

k = the Boltzmann constant (the gas constant per atom), 

T — the absolute temperature of the system. 

The probability, p, that at any given instant a given atom will have 
energy equal to or greater than E is given by the Maxwell-Boltzmann 
probability formula: 

^ = Ae-^* 

where <f> = probability factor, 

A = a. constant, typical of the system in which the atom exists. 
This is the fundamental equation for the temperature dependence of 
chemical reactions and physical changes in general, including diffusion. 
For the special case of diffusion, however, it is customary to alter the 
units used in the general equation, which then appears as: 

D = Ae-^’ 

where D = the diffusion coefficient, a measure of diffusion rate in the 

case considered, 

A = a material constant, determined principally by interatomic 
spacing and average frequency of atomic vibration, and for 
most metals and alloys of the order of 10“^ to 10^ units, 

Q, = the activation energy per mole for diffusion in the system, 
of the order of 10,000 to 150,000 calories in most metallic 

systems, 

R = the gas constant (per mole). 

Since both A and Q,are nearly independent of temperature and both 
e and R are entirely so, the natural logarithm of Z) is an essentially linear 
function of 1/7", and a relatively small change in value of T produces a 
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comparauvely large change in value of D. In the vi^cinity of atmos¬ 
pheric temperature, the values of D and of the actual diffusion rate are 
doubled for most metals and alloys by a temperature nse of the order 
of 20' F.i A temperature rise of 40' instead of 20° approximately doubles 
the diffusion rate again, to about four times its original value. A nse of 
60° increases it to about eight times its initial value; a rise of 80 
increases it by a factor of about 16; a rise of 100° by a factor of approxi- 
mately 32; a temperature rise of 200® F. increases the diffusion rate to 
something like 1024 time* its original value. Obviously, physical or 
chemical changes accomplished by diffusion can be tremendously 
accelerated by relatively small increases in temperature. 

the activation energy per mole reejuired to initiate diffusion, is 
based upon the average behavior of a large number of atoms. Individual 
atoms within the group will, of course, vary widely in energy at any 
given moment, so that some of the atoms present will require for their 
activation a relatively large increment of energy, others a small one, 
and a few none at all. Any factor that increases the initial energy of a 
specific atom correspondingly diminishes the additional energy required 
to activate it for diffusion. Therefore, the potential energy represented 
by a dbtorted crystal structure increases the probability that each atom 
present in the dbtorted region will be activated, and so increases 
diffusion rates locally. Thus, diffusion b usually much more rapid 
through the dbtorted high-energy region of a grain boundary than 
through the less imperfect crystab which meet to form the boundary,^ 
and diffusion rates are significantly higher for a cold-worked metal than 
for the same metal free of the internal energy stored by deformation. It 
may be considered either that dbtortional energy reduces the value of 
Q,in the diffusion equation, or that it b equivalent to an increase in the 
value of T. In either case, the result b an increase in the diffusion rate. 

9-3. Grain Growth 

When the atoms that actually accomplbh diffusion can be traced 
during diffusion, it b found that their individual movements are 
completely random and are determined entirely by chance. It appears, 

1 In a few known metallic systems, diffusion rates are doubled by temperature rises as 
small as 1® or 2® F., or as great as 50® or 100® F. Usually, however, the increase required is 
something like 10® to 25® F., and 20® F. seems to be a reasonable average value. 

2 In a few aceptional ntaterials it has been observed that diffusion is actually more rapid 
through the grains than through their boundaries. Apparently this is the result of the con¬ 
centration at these boundaries of certain impurities or alloying elements as intergranular 
films through which diflusion is aboonnally slow. 
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then, that diffusion alone could never result in the directed migration 
of atoms observed, for example, when grain growth occurs in a poly- 
crystalline metal, when a concentration gradient is eliminated by 
annealing a solid solution, or when a new type of crystal is precipitated in 
a solid alloy. It does have this effect, but only because a systematic drift 
of many atoms is spontaneously superimposed upon the undirected 
movements of individual atoms. The drift is always consistent with the 
second law of thermodynamics—i.e., it is observable only in systems 
that are not at equilibrium, and the migration of the atoms involved 
is always such that the free energy of the system is reduced by it. The 
mechanism of this drift and of the free-energy reduction it accomplishes 
is well illustrated by the process of grain growth. 

In Section 5-7, grain growth was considered on the basis of surface 
energy, and it was noted that a small crystal—having greater sur¬ 
face area per unit of mass—is always unstable relative to any larger 
crystal having the same composition and crystal structure and generally 
similar shape, which may exist in its immediate vicinity. The larger 
crystal, representing the lower-energy condition, tends to acquire 
additional atoms from the smaller one, and to grow at its expense. It 
does this at an accelerating rate, because the size difference increases 
continuously, until the smaller crystal has been entirely consumed. 

The mechanism of grain growth is self-diffusion. Since the path of a 
diffusing atom is entirely undirected, a certain fraction of the atoms 
activated within each of two adjacent crystals will, purely by chance, 
reach or actually cross the boundary between them. However, in the 
smaller crystal the surface energy per unit of mass is greater than in the 
larger crystal, and so in any given interval of time a larger proportion 
of its atoms will be activated for diffusion. Therefore, in this time inter¬ 
val, more atoms will be diffusing to or across the boundary from the 
smaller crystal toward the larger than from the larger to the smaller. The 
result is a net gain in number of atoms by the larger crystal, a con¬ 
tinuous increase in its size, and a progressive encroachment of the grain 
boundary upon the region previously occupied by the smaller crystal. 


9-3. Factors Favoring Grain Growth 

Whenever a grain boundary exists in a metal, the high energy it 
represents offers a sufficient thermodynamic reason for grain growth 
to occur—to eliminate the boundary, and so reduce free energy in the 
metal. Thermodynamics is concerned, however, with tendencies, and 
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not with rates. The tendency toward grain growth existe in any poly- 
crystalline metal at any temperature. The rate at which it actually 
occurs varies from unobscrvably slow to tremendously rapid, according 
to the internal condition and the environment of the metal. Four 
variables are of particular interest in their influence upon the rate of 

grain growth. 

1. Differences in Original Grain Size. If all of the crystals present in 
a given homogeneous aggregate were of exactly the same size, they 
should have equal surface energy per atom. Diffusion rates across the 
boundaries between adjacent crystals should, on the average, be equal 
in opposite directions. Each crystal should gain by diffusion as many 
atoms as it loses, and grain growth should evidently not occur. A size 
difference between adjacent crystals provides the diffusion-rate differen¬ 
tial required for active grain growth; the greater the size difference, 
the higher is the rate differential, and the more rapid the growth of the 
larger grain.^ 

As was noted in Section 5-7, it is conceivable that orientation 
differences between adjacent grains might, because of differences in 
surface energy per unit area of the opposite surfaces, more than com¬ 
pensate for slight size differences between them. This may be important 
in a few cases—notably in face-centered cubic metals, which show a 
distinct tendency to develop plane surfaces during their growth, par¬ 
ticularly when grain growth has already established a rather large and 
reasonably uniform grain size. In general, however, grain boundaries 
in metals are so irregular that opposite grain surfaces are statistically 
similar in surface energy, and grain-size differences seem to outweigh 
by far the effects of orientation differences. 

2. Elevated Temperatures. The differential in diffusion rates resulting 


3 Even in the incredible case of two adjacent crystals absolutely identical in size, the 
thermodynamic reason for grain growth exists in the increment of free energy represented 
by the boundary between them. But even here spontaneous grain growth should occur, and 
if a sufficient period of time were allowed it undoubtedly would occur—initiated by thermal 
fluctuations. Over any extended time interval, diffusion rates across the boundary in opposite 
directions should have the same average value. However, since activation for diffusion and 
the location of the activated atoms are chance occurrences, there is a definite probability that 
within any given short period of time more atoms will cross the boundary in one direction 
than in the reverse direction. Unless the minor size difference thus created were promptly 
eliminated by an appropriate fluctiiation in the diffusion rate, the initial condition for normal 
grain growth would have been established and the larger grain would continue to grow. 
Since fluctuations sufficient to accomplish this are relatively infrequent, and since absolute 
uniformity of grain size is unknown in polycrystalline metals, this possibility is principally 
of academic interest. lu existence should not detract from an appreciation of the major 
importance of grain-size differences in making grain growth possible at a significant rate. 
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from size differences between adjacent grains cannot produce grain 
growth at a significant rate if the diffusion rates themselves are insig¬ 
nificantly slow. In most metals this is the situation at and below room 
temperature; the tendency and the initial condition for grain growth 
exist, but diffusion rates are too low to make it occur at a detectable 
rate.4 An increase in temperature, by increasing diffusion rates, 
accelerates metal transfer between adjacent crystals, and so propor¬ 
tionately increases the rate of growth of the larger crystal. If, for 
example, the diffusion rate in a particular metal is doubled by each 
temperature rise of 20"* F., then a temperature increase of, say, 300“ F. 
will increase it by a factor of about- 33,000. As far as grain growth is 
concerned, one hour at 370“ F. should, then, for this metal, be equiva¬ 
lent to a holding time of about four years at room temperature. 

3. Initial Grain Size. Energy stored in a metal in any other form 
has the same effect as thermal energy has in increasing diffusion rates, 
and hence increasing the rate at which grain growth occure. Specifically, 
the increment of surface energy that results from additional grain¬ 
boundary area is equivalent, with regard to grain growth, to a tempera¬ 
ture rise in the metal. In the same metal, then, if there is a generally 
similar distribution of grain sizes, the rate of grain growth at any given 
temperature is higher if average grain size is fine than if it is coarse. 
A detailed correlation of this important factor with the equally impor¬ 
tant influence of temperature will be undertaken in the next section. 

4. Extent of Cold Working. Energy stored in a metal by previous 
mechanical deformation is also effective in increasing rates of diffusion 
and grain growth, and is somewhat selective in doing so. During cold 
working, the smaller crystals within the aggregate are found to strain 
harden more rapidly than the larger ones, and so to acquire a dispro¬ 
portionately great share of the total energy stored in the metal. The 
resulting distortional-energy differential reinforces surface-energy 
differences in promoting growth of the larger crystals at the expense of 
the smaller ones. 

Although it will subsequently be discussed in greater detail, it is 
worth noting here that distortional energy from mechanical working is 

< This is not true of certain nonmetab—iodine, for example. If powdered iodine is sealed 
in a glass jar and kept at room temperature, over a period of a few months it will be ohswed 
that a few relatively large crystab grow within the mass, and that the largest of these continues 
to grow at the expense of the others until only a single crystal remains. Here the mechanism 
of grain growth b that of sublimation of smaller crystab, diflusion as a vapor, and condensa¬ 
tion of the vapor on the larger crystab. 
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completely eliminated from all metal transferred by diffusion during 
grain growth. Grain growth therefore contributes directly to the 
elimination of microstresses and of strain hardening from metals which 
are annealed after cold working. Since grain growth occurs at an 
observable rate only at temperatures high enough so that the process of 
recovery (described below) is also active in relieving internal stresses, 
a metal in which a detectable amount of grain growth has occurred is 
always left in essentially a “dead-soft” condition, and is substantially 
free of residual stresses. 

9-4, Temperature, Time, and Grain Size 

The relationships among temperature, holding time at temperature, 
and final grain size of a metal are of particular interest to the metal¬ 
lurgist, since grain-size control is a common object of industrial heat 
treatment*, and since heat treatments for other purposes often produce 
incidental but very important changes in grain size. 

Suppose, for example, that an aggregate of very small, randomly 
sized crystals of some pure metal or homogeneous alloy is prepared at 
room temperature—e.g., by electrodeposition. Within the aggregate 
there is much surface energy to be dissipated, and the tendency toward 
grain growth is strong. In spite 
of this, diffusion rates at room 
temperature are so low that de¬ 
tectable grain growth will not 
occur within any finite period of 
time. At some higher tempera¬ 
ture, however—a temperature 
typical of the metal’s composi¬ 
tion, its average grain size, and 
its condition of internal stress— 
grain growth at an observable rate Fic. 9-1. Increase in Average Grain Size 

will begin. The minimum tern- 

. , ^ , perature. 

perature required for detectable 

grain growth varies widely with the composition of the metal or alloy 
and its initial condition of grain size and of stress, but is usually of the 
order of a few hundred degrees above room temperature. 

Once grain growth has begun at any given temperature, it con¬ 
tinues with time according to some curve such as that sketched in Fig. 
9-1. As gram growth proceeds, the smallest crystals present are the first 
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to be eliminated, so that size differences among the remaining crystals 
decrease; the average surface energy per atom also diminishes with 
increasing average grain size, and any distortional energy initially 
present is progressively dissipated. The total result is that as grain 
growth occurs, its rate is continuously reduced according to a curve 
that seems to be very nearly logarithmic. Finally, some rather definite 
“equilibrium” grain size is approached, and thereafter continued 



Fig. 9-2. Effect of Temperature on Rate 
of Grain Growth and on “Equilibrium” 

Grain Size. 


grain growth at the same tem¬ 
perature is extremely slow.5 
If the temperature of the fine¬ 
grained metal is raised by, say, 
100® F., the curve of grain size 
vs. time will have the same trend 
as that in Fig. 9-1, but at any 
given grain size it will be some¬ 
thing like 32 times as steep, since 
diffusion rates are increased by 
a factor of about 32 by a tem¬ 
perature increase of 100®. The 
result is that indicated by the 
family of curves shown in Fig. 
9-2: as the temperature rises, the 
initial rate of grain growth in¬ 
creases rapidly, an “equili¬ 
brium” grain size is approached 
in a shorter period of time, and 
the “equilibrium” grain size 
itself is larger. Each one of these 


curves, if the time axis is extended indefinitely, must finally reach the 
grain size representing a single crystal the size of the specimen exam¬ 
ined. Within any finite length of time, however, none of them will 


5 Although it is universally used, the term “equilibrium grain size” is unfortunate. It 
implies that a condition of equilibrium is established when, at any given temperature, this 
particular grain size has been attained. Actually, the true equilibrium condition ii that o 
minimum free energy; it is attained at any temperature only when all grain boundaries have 
been eliminated and the metal has been converted into an idiomorphic single crystal. Coiwnon 
usage will be followed in subsequent discussions, but whenever “equilibrium" pam size u 
mentioned, the word “equilibrium” will be enclosed in quotation marks to indicate that it 
represents only a condition of grain size so coarse that further grain growth has become 
negligibly slow. True equilibrium with regard to grain size is for obvious reasons rarely 
attained in an industrial meul. 
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actually do so; and hence the "equilibrium” grain size, at which each 
curve becomes almost horizontaL is the one of interest to industry. 

Once a metal has been held at any given temperature long enough 
to establish the “equilibrium” grain size typical of that temperature, 
its later reheating for relatively long periods at any lower temperature 
will not result in a detectable increase in its average grain size. The 
initial grain size during reheating in this case is already coarser than 
the "equilibrium” grain size that would be attained at the reheating 
temperature, and so further grain growth is insignificantly slow. Heat 
treatments to stabilize grain size are therefore fairly common in metals 
intended for elevated-temperature service. These involve a preliminary 
anneal at some temperature appreciably higher than the expected 
maximum service temperature, in order to establish an average grain 
size so coarse that detectable grain growth will not occur during the 
service life of the metal part. This line of reasoning also explains why 
cast metals are very popular for high-temperature service. The grain 
size of a casting is typically very coarse since, in effect, it is the "equi¬ 
librium” grain size csublishcd at the highest temperature to which the 
solid metal can be heated—its melting point. Later reheating of the 
metal to any temperature appreciably below its melting point should 
not cause grain growth to occur in it at a detectable rate.^ 

9-5. Effect of Intergrannlar Films on Grain Growth 

A contributing factor to the grain-growth resistance typical of 
castings is the fact that impurity and alloying elements insoluble in the 
solid metal are rejected by the metal crystals as they grow during 
freezing, and appear in the solid casting as intergranular deposits. 
Grain growth necessarily occurs by diffusion between adjacent metal 
crystals, and so an insoluble deposit that obstructs diffusion serves as an 
efficient mechanical barrier to growth. In general, the less pure the 
metal the greater is its resistance to grain growth, and large single 
crystals can be grown in the solid state only from metals of exceptional 
purity. This principle is used to advantage in a number of well-known 

^ While this is true of most ordinary castings^ including even most chill castings (which 
freeze very rapidly), there are a few materials in which special alloying or casting techniques 
are used to produce abnormally fine grain size in the cast metal. Here the average grain size 
of the finished casting is sometimes finer than the ‘^equilibrium” grain size typical of even a 
moderately elevated temperature. This is true, for example, of certain modified alloys of 
alui^um and silicon, whose grain size in the as«cast condition is so fine that grain growth 
during subsequent heat treatment is ofien a rather serious problem. Such alloys arc discussed 
in Alloy Situs in Physical Metallurgy, 
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cases—for example, to restrict grain growth in the tungsten wire used 
for filaments in incandescent lamps.’ Here thorium oxide or some other 
very stable oxide is incorporated into the metal to prevent sagging of 
the filament as a result of grain growth during prolonged service at a 
white heat. 

There are many cases in which an intergranular layer that obstructs 
grain growth is developed in the metal after it has frozen, as a result of 
a decreasing solubility for some impurity or alloying element as the 
solid metal cools. When this is true, it is common to find that the metal 
is capable of maintaining an abnormally fine grain size at any tempera¬ 
ture below some rather definite coarsening temperature^ but that, on being 
heated to just above it, the metal increases in grain size very suddenly. 
The average grain size produced by heating tojust above the coarsening 
temperature is usually much larger than that produced by heating to 
the same temperature some other, less impure sample of the same 
metal, initially free of intergranular barriers to grain growth. Apparently 
this coarsening behavior is a result of the progressive dissolution of the 
intergranular layer as the temperature of the metal is raised. If the 
layer is completely dissolved before the melting point of the metal is 
reached, grain growth begins suddenly at the point or points where it 
is first eliminated. This creates one or a few relatively large grains in a 
matrix of smaller ones, the latter still isolated by the undissolved 
residue of the intergranular precipitate. With further heating and 
additional solution of intergranular barriers, the remaining small 
crystals are exposed one by one to absorption by the few larger ones 
already present, and the latter often grow to abnormally great sizes 
before the process is completed. 

This type of coarsening behavior is typical not only of many non- 
ferrous metals and alloys, but also of the inherently fine-grained steels 
which have been “killed” (i.e., almost completely deoxidized) by the 
addition of metallic aluminum between furnace refining and casting. 
Such steels maintain an unusually fine grain size during subsequent 
heat treatment at any temperature below a rather definite coarsening 
temperature, which varies with the steel composition but is of the order 
of 1800® to 2000® F. At the coarsening temperature they suddenly 
develop a duplex grain structure or mixed grain size, in which a few 


7 It happens that the tungsten mcUl from which filament wire is manufactured » 
by powder methods rather than by casting, but the principle with regard to gram-growth 

obstruction is not altered by this fact. 



303 


9~6. Recovery {ResofUning) 

relatively large grains have appeared among the very fine ones. With a 
little additional heating, the remaining fine grains disappear, largely 
by absorption into the larger grains already present. The end result is 
an abnormally coarse grain size, far coarser than that produced at the 
same high temperature in similar steels which were not deoxidized 
with aluminum. Unfortunately, no direct evidence has been found to 
prove that the coarsening behavior just described results from the 
presence of intergranular layers of aluminum oxide or aluminum 
nitride, or of any other compound that dissolves or begins to break 
down at the coarsening temperature. However, this seems to be the 
simplest and most reasonable explanation, if not the only one. Similar 
effects have often been observed from the presence of various carbides 
and nitrides, in particular, as intergranular layers in steel, although— 
in the absence of aluminum—these seem to dissolve and lose their 
effectiveness in inhibiting grain growth at coarsening temperatures 
considerably lower than those mentioned above. 

9-6. Recovery (Resoftening) 

Quite distinct from the process of grain growth is recovery, a spon¬ 
taneous process that tends to return to their normal values the properties 
of a metal which have been altered by mechanical working. 

Distortional energy stored in a metal by mechanical working makes 
that. metal thermodynamically unstable. Self-diffusion provides a 
mechanism for the restoration of atoms in distorted regions to lower- 
energy positions, and for the approach of the metal toward the truly 
stable condition of minimum free energy. Since diffusion involves the 
independent activation and migration of individual atoms, it can and 
in this case does occur without producing detectable changes in the 
grain size of the metal or in its Visible microstructure—except, perhaps, 
for a progressive reduction in the intensity of the deformation bands 
revealed by etching. It does, however, accomplish a progressive 
elimination of local crystallographic distortion, and so of both macro¬ 
scopic and microscopic residual stress, a reduction in hardness and 
strength values, and slow restoration of the metal to its original properties 
with regard to plasticity, electrical resistivity, magnetic permeability, 
corrosion resistance, etc. These changes in the structure-sensitive 
properties of the metal, and the diffusion process by which they occur, 
are jointly referred to as recovery of the cold-worked metal. 

Like all diffusion processes, recovery occurs at a rate that is 
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controlled largely by the temperature of the metal and its initial con¬ 
dition of internal energy. There are a few low-melting metals—notably 
tin, lead, zinc, and cadmium—whose rates of self-diffusion arc unusually 
high at any level of temperature, and for which recovery occurs at a 
significant rate even at room tempeiature. In any one of these metals, 
if it is reasonably pure and has been cold Worked to a relatively high 
level of distortional energy, a few minutes or hours of aging at room 
temperature after cold working wiH usually produce detectable changes 
in the properties listed above, and a few days will often restore them to 
almost exactly their original values. Among the other common metals, 
however, diffusion is so slow at room temperature that it must be 
accelerated by a temperature rise of a few hundred degrees before 
recovery occurs at an appreciable rate. The temperature dependence of 
the recovery rate is, of course, identical with that of the self-diffusion 
rate in the cold-worked metal, and the same amount of recovery may 
occur in one minute at, say, 600® F. that would require 100 years at 
room temperature. 


^-7. Low«Temperatiire Stress Relief; the Light Anneal 

One of the most remarkable aspects of the recovery process is that 
the changes in properties it produces are not always concurrent. In 
cold-rolled steel, for example, the first detectable result of recovery is 
the relief of macroscopic and microscopic residual stresses, which is 
often essentially complete before there are detectable changes in its 
hardness, strength, or plasticity properties.* This makes possible the 
commercial heat treatment called a low-temperature stress-relieving 
anneal or a light anneal^ intended to reduce the level of residual stress, 
improve corrosion resistance, increase magnetic permeability, etc., 
without appreciably reducing the strength and hardness of a cold- 
worked metal.9 So that the extent to which recovery has progressed 
may be accurately controlled, the light anneal is usually accomplished 
by prolonged heating at a relatively low temperature. In cold-finished 
plain carbon steels, for example, some degree of stress relief occurs at 
temperatures as low as 400® F.iO; however, the light anneal for steel is 
ordinarily carried out at about 750® to 900® F., and even then it may 


8 However, recovery of electrical, ittitgnelic. and thermoelectric properties is probably 

simultaneous with stress relief. .... , «. r. 

9 As might be expected, a successful light anneal has the incidental result of eliminating 

the Bauschinger effect. 

ID MetaU Handbook, Cleveland, American Soacty for Metals, 1»« ca. 
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still require several hours. It is usually followed by slow cooling of the 
steel to avoid development of a new generation of residual stresses by 
nonuniform thermal contraction during cooling. 

The light anneal is a rather expensive and very exacting heat 
treatment, because it involves relatively long furnace treatments and 
requires precise control of both temperature and time if stress relief is 
to be accomplished without significant changes in tensile strength, etc. 
But it is a practical and often a valuable heat treatment for iron, nickel, 
tungsten, the platinum metals, most alloys of these metals, and most 
commercial alloys of copper, including the common brasses and 
bronzes. It is not practical for pure copper, silver, or gold, in which 
recovery of mechanical properties is almost simultaneous with stress 
relief, and it is often actually disastrous for the precipitation-hardenable 
alloys discussed in Alloy Series in Physical Metallurgy since it usually 
overages them and produces major reductions in their strength and 
plasticity properties. 

In connection with previous discussions of strain hardening and the 
other effects of cold working, it is interesting that recovery with regard 
to residual stresses and electrical and magnetic properties usually 
precedes recovery with regard to hardness, strength, and plasticity. 
Evidently the structural disturbances responsible for the alteration of 
one set of properties arc different from and more or less independent of 
those that affect the other. The implications of this observation have 
not been explored in connection with the mechanisms of slip and strain 
hardening, but again it is evident that much remains to be learned 
about dislocations, dislocation lattices, thermal disordering of these 
lattices, and many other fundamental aspects of crystal behavior. 

^-8. Recrystalliaation 

There is no doubt that if a cold-worked metal could be held at a 
high enough temperature for a long enough time, and without inter¬ 
ference by other physical changes in it, the process of recovery would 
at last become complete. Usually, however, a temperature high enough 
to accomplish this within a usefully short period of rime is also high 
enough so that a second and quite different process called recrystalliza- 
tion occurs, to eliminate distortional energy from the metal before it 
can be dissipated by the slower process of recovery. 

RccrystalUzation is the appearance within a mechanically worked 
metal of a new generation of crystals, identical with the old crystals in 
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composition and crystal structure, but differing from them in being 
entirely free of stored energy, residual stress, and strain hardening 
produced by previous mechanical deformation. Usually the new 
crystals also differ from those they replace in size, shape, and orientation. 

Like recovery, recrystallization is a result of the spontaneous effort 
of a distorted crystal structure to reduce its free energy by dissipating 
as heat the distortional energy stored in it during previous deformation. 
Unlike recovery, recrystallization involves the two processes of nuclea- 
tion of new crystak within the solid metal, and growth of these new 
crystals to an observable size. 

9-9. Nucleadon 

Because of the energy stored in it by mechanical deformation, a 
distorted crystal is always thermodynamically unstable relative to an 
undistorted crystal of the same size, shape, composition, and crystal 
structure. However, the change in position of even a single atom within 
the distorted structure—to accomplish self-diffusion, and recovery— 
requires a certain energy of activation. So many atoms are present in a 
crystal of observable size that simultaneous activation of them all would 
require a very great amount of energy. Therefore, the probability that 
all the atoms composing a distorted crystal will move simultaneously 
into different positions to create a new, undistorted crystal is essentially 
zero. The probability that half of them will do so at any given instant is 
a little higher, that a tenth of them will do so is still higher, and that say 
1000 adjacent atoms (of the order of 10-11% of the atoms present in an 
average crystal) will be activated simultaneously is relatively very good. 
Consequently, solid-state reactions in general, and recrystallization in 
particular, occur not by instantaneous bodily conversion of an existing 
crystal into a new form having lower energy, but rather through the 
formation, by a relatively small group of atoms, of a tiny nucleus of that 
new form, and the subsequent growth of this nucleus. 

Nothing is known about nuclei of recrystallization from direct 
observation, but it is evident that they must in general be very much 
smaller than the distorted crystak within which they appear. Necessarily, 
the surface energy per atom is greater in the nucleus than in the parent 
crystal; and if this were the only factor involved, the nucleus once 
formed, would promptly be reabsorbed into the parent crystal by a 
normal process of grain growth. For the nucleus to be stable, ^ere must 
ako exist between stress-free nucleus and parent crystal a difference in 
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distortional energy per atom at least equal to the difference in surface 
energy per atom that tends to destroy the nucleus. In other words, a 
certain minimum amount of distortional energy must have been stored 
in the metal by previous mechanical deformation before a recrystalliza¬ 
tion nucleus of any given size becomes stable. In general, up to some 
limiting value, the greater the extent of mechanical working the greater 
is the amount of energy stored in the metal, the smaller the minimum 
size of a stable nucleus, and the greater the probability that such a 
nucleus will actually appear within any finite length of time. 

The actual size of the smallest recrystallization nucleus stable in any 
given cold-worked metal at a specific temperature is not known. 
Energy studies indicate, however, that the minimum size for stability 
is not less than about 25 atoms per nucleus,'* and it is probably much 
greater than this at elevated temperatures. A moderate increase in 
temperature has little effect on the difference in surface energy per 
atom between nucleus and parent crystal, but significantly reduces the 
distortional-energy difference. The higher the temperature, then, the 
larger the nucleus must be if it is to persist, and at the melting point 
only an infinitely large nucleus could be stable. This alone suggests 
that at the higher temperature the probability of the formation of a 
stable nucleus should be less, since the nucleus required is larger. On 
the other hand, the increase in thermal energy per atom that accom¬ 
panies a temperature rise progressively increases the proportion of the 
atoms present which at any instant are activated for diffusion, and so 
continuously increases the probability of the formation of a nucleus of 
any given size. That a balance exists between these two factors may 
be emphasized by noting the two extreme cases. (1) At the absolute 
zero of temperature even a very liny nucleus would be stable, but 
nucleation would never occur because no atom or group of atoms would 
ever be activated for diffusion. (2) At the melting point only an infinitely 
large nucleus would be stable, and so, in spite of high thermal energy 
per atom and a high diffusion rate, nucleation never occurs. Between 
these two extremes, the rate of nucleation rises to a maximum value 
at some specific temperature which is typical of the metal itself and of 
its condition of internal energy, and falls off at temperatures both 
above and below this critical point. 

Unfortunately, these rather complex interrelations among surface 
energy, distortional energy, and thermal energy cannot be worked out 
“ P. Sdu, Tht Physia of MetaU, New York, McGraw-HilfBook Company, Inc., 1943. 
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mathematically. However, from the principles outlined above, some 
important qualitative conclusions can be reached concerning nucleation 
for recrystallization, and these agree exactly with experimental observa¬ 
tion of the recrystallization process. 

1. Nuclei of recrystallization are necessarily smaller than the 
crystals in which they form, and are stable only if the parent crystal 
contains distortional energy per atom equal to or greater than the 
increment of surface energy per atom possessed by the nucleus. To 
provide the minimum amount of stored energy required to make such 
nuclei stable, a certain minimum amount of mechanical deformation (a 
critical reduction) must have been accomplished. The extent of 
mechanical working that is prerequisite for the formation of stable 
nuclei of recrystallization varies with the metal or alloy considered, but 
is usually of the order of 2% to 10% reduction of cross-sectional area, 
independent of the type of forming operation used. Thus, recrystalliza¬ 
tion will not begin at any temperature in copper or in «-iron unless the 
metal has previously been reduced in area by a minimum of about 
3% through mechanical deformation. For aluminum, the corresponding 
figure is about 4% to 5%. It is generally less for hexagonal than for 
cubic metals. 12 

2. Beyond this minimum, additional cold work increases the amount 
of distortional energy stored in the metal, which reduces the size of 
the smallest nucleus that is stable, and also increases the rate of self¬ 
diffusion to form nuclei. Both effects increase the probability that stable 
nuclei will form; hence, at any given temperature, the rate of nucleation 
and of recrystallization is higher in the metal that has been more 
extensively deformed. However, as is illustrated in Fig. 8-20, there is an 
upper limit to the amount of energy that can be stored in a metal by 
mechanical working. Once this limit has been reached, additional 
deformation does not further increase the nucleation rate at any given 
temperature. 

3. Because it increases the diffusion rate and reduces the minimum 
size of a stable nucleus, additional deformation progressively lowers the 
temperature required to establish any given rate of nucleation. There¬ 
fore, the greater the amount of previous cold work, the lower the 
temperature at which recrystallization will become complete in any 
given period of time. Again, however, since there is an upper limit to 

12 p. W. Bridgman, "The Stress DistribuUon at the Neck of a Tension Specimen, 
Trans., A.S.M., 1944, pp. 553-572. 
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the amount of mechanical energy that can be stored in a metal, there 
is also a lower limit to the temperature at which recrystallizalion can 
be made to occur at any given rate. This is usually stated in terms of a 
minimum recrystalUzation temperature, which is ordinarily based on the 
temperature required to produce complete recrystallization of an 
extensively cold-worked metal in a period of one hour. Since recrystal¬ 
lization involves diffusion, it is time-dependent as well as temperature- 
dependent; and so, if the time allowed for complete recrystallization 
were a week or a year instead of an hour, the minimum recrystallization 
temperature would be reduced. 

4. Both the minimum amount of cold work required to make 
recrystalUzation possible and the minimum temperature at which it 
can be made to occur at a significant rate vary widely from one metal 
or alloy to another. As is evident from Table 9-1, among commercially 


Table 9-1. Minimum RecrystalUzation Temperatures for Metals of 

Commercial Purity*^ 


Metal 

Minimum RecrystaUization Tempera¬ 
ture, ® F. (Approximate) 

Melting 
Point, ® F. 

Lead 

Below 32® F. 

621® 

Tin 

Below room temperature 

449® 

Cadmium 

About room temperature 

610® 

Zinc 

Room temperature to about 200® 

787® 

Copper 

200® to 400® 

1981® 

Magnesium 

200® to 300® 

1202® 

Aluminum 

300® to 500® 

1220® 

Silver 

400® 

1761® 

Gold 

400® 

1945® 

Iron 

750® to 850® 

2800® 

Platinum 

850® 

3224® 

Nickel 

1100® 

2651® 

Molybdenum 

1650® 

4760® 

Tantalum 

1850® 

5425® 

Tungsten 

2100® 

6170® 


pure metals there is an excellent correlation between minimum rc- 
crystalUzation temperature and melting point. This might be predicted 
from the fact that both diffusion rate and melting point are, in a sense, 
measures of the strength of the bonding forces that hold atoms in 
position in the original crystal structure. However, the correlation is 
disturbed by the fact that impurities or alloying elements usually 

>5 Based on complete recrystallizalion of severely cold-worked metal within one hour. 
Reduction either in extent of cold work or in heating period will increase the temperature 
required for complete recrystallization. 
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raise the recrystallization temperature. Therefore copper, which is 
commercially available in a condition of unusually high purity, has a 
surprisingly low recrystallization temperature. For a brass containing 
70% copper, 30% zinc, the minimum recrystallization temperature is 
about 750® F.—far above that required for either copper or zinc. For 
metals of exceptional purity, minimum recrystallization temperatures 
will be well below those listed in Table 9-1; for relatively impure metals, 
they will be higher. 

5. Grain boundaries influence recrystallization in several different 
ways. The increment of surface energy represented by a grain boundary 
is equivalent to either a temperature rise or an increase in distortional 
energy in increasing the nucleation rate in its immediate vicinity. 
Further, because they impede slip and increase the strain-hardening 
rate, the grain boundaries increase the amount of distortional energy 
stored in the metal by a given amount of mechanical deformation— 
and most of this energy seems to be stored in the vicinity of the grain 
boundaries themselves. In consequence, nucleation usually begins 
first and proceeds most rapidly at or near grain boundaries, the minimum 
recrystallization temperature is lower for a fine-grained metal than for 
a coarse-grained one, and more extensive deformation is required to 
make recrystallization possible in the coarser-grained metal. 

9-10. Crystal Growth 

Once stable nuclei have appeared in a cold-worked metal, they 
increase in size at the expense of their parent crystals by the usual process 
of grain-boundary migration. At first the surface-energy differential 
between nucleus and parent crystal opposes growth of the nucleus, and 
the driving force for its enlargement is the distortional energy stored in 
the parent crystal. However, as growth of the nucleus occurs, the 
surface-energy differential opposing growth diminishes, eventually to 
zero, and finally to a negative value (favoring growth), so that nucleus 
growth is continuously accelerated until the preexisting crystals have 
been entirely consumed. The rate of growth achieved during recrystal- 
iization is phenomenally high when compared with the rate of normal 
grain growth in an unstressed metal at the same temperature. 

When the new stress-free crystals formed by recrystallization have 
attained a sufficient size so that they abut upon each other and pre¬ 
existing crystals have been completely absorbed by them, recrystalliza¬ 
tion is complete. Depending upon the size of the new crystals and the 
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temperature at which the metal is held, normal grain growth may or 
may not then be possible in the recrystallized metal. If it occurs, this 
subsequent grain growth is not considered a part of the recrystallization 


Fio. 9-3. Stages in the Progress of Recrystal¬ 
lization. (a) Stress-free nuclei appear; 
(b) nuclei grow into new crystals; some further 
nucleation; (c) original crystals disappear, and 
recrystallization is completed. 


process, for the latter was completed when the last trace of strain- 
hardened metal disappeared. 

9~ii* The Full Anneal; Recrystallized Grain Size 

When recrystallization is complete, the metal in which it has 
occurred is completely free of residual stress, strain hardening, and the 
other effects of the deformation that made recrystallization possible. 
Most of these same changes in properties could have been accomplished 
at lower temperature by the process of recovery, but in most metals 
complete recovery requires an uneconomically long time. Therefore, 
a full anneal —which, for nonferrous metals and some ferrous ones, 
ordinarily implies complete recrystallization during heat treatment— 
is commonly given to cold-worked metals in order to eliminate residual 
stress, reduce brittleness, increase corrosion resistance, reduce electrical 
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resistivity, make possible further cold reductions by deep-drawing, 
rolling, or wire-drawing, etc. Since it also completely eliminates straS 
hardening, a full anneal necessarily sacrifices something in the strength 
and hardness of the metal in order to accomplish these other results. 

Incidental to the other changes, but often even more important 
with regard to the properties and usefulness of the recrystallized metal, 
is the fact that recrystalUzation alters its grain size. In the absence of a 
polymorphic transformation in the metal, recrystallization is the only 
means short of remelting that can accomplish grain refinement, which 
is a common object of industrial hpat treatment. Therefore, a full anneal 
is also commonly used to reduce the average grain size of a cold-worked 
metal. Furthermore, uncontrolled changes in grain size—incidental to 
heat treatment for other purposes, to service at elevated temperatures, 
or to joining by welding, brazing, etc.—are often at least as important 
as its controlled adjustment by heat treatment. 

The grain size that exists when recrystallization is complete is an 
inverse function of the number of nuclei which formed and grew while 
recrystallization was in progress: the greater the number of stable 
nuclei, the greater the number of new crystals formed, and the smaller 
their average size. Any factor that increases rate of nucleation therefore 
results in finer average grain size in the recrystallized metal. Conse¬ 
quently, fine recrystallized grain size is favored by (1) extensive 
mechanical working in advance of recrystallization; (2) relatively high 
temperature during recrystallization, but not excessively high, or the 
nucleation rate will again diminish and the grain growth during and 
immediately after recrystalUzation will become troublesome; and (3) 
fine initial grain size in the cold-worked metal. 

^12. Development of Coarse Recrystallized Grain Size 

ControUed recrystalUzation is used to real advantage to adjust 
the grain size of metal sections which have been or can be cold worked 
and then annealed. UncontroUed recrystalUzation, as a result of 
improper or accidental heat treatment or exposure to elevated tempera¬ 
tures in service, can be an equaUy great disadvantage and has led to 
many service failures. It is chiefly dangerous because it may produce 
an abnormally coarse grain size in certain regions of the metal, with 
pronounced local reductions in its strength, hardness, and plasticity 
properties and in its resistance to impact and fatigue. The hazards 
of uncontroUed recrystalUzation, and some of the means available 
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for overcoming them, may be iUustrated by the three examples that 
follow. 

1. Improper Heat Treatment. Suppose that the U-shaped hanger 
illustrated in Fig. 9-4 is fabricated from an annealed flat bar of metal, 
initially free of strain hardening and residual stress, by bending it at 
atmospheric temperature into the form shown. During bending there 
will necessarily be a gradient in the extent of deformation, which varies 
continuously from a maximum at point a to zero at and beyond points b. 
After bending, there will be a 
similar gradient from a to ^ in 
extent of strain hardening and 
in amount of stored mechanical 
energy. Now if the bent metal is 
given a full anneal, the nuclea- 
tion rate is maximum at a, and 
a relatively fine recrystallized 
grain size results there. How¬ 
ever, since the extent of previous 
cold working diminishes along 
both legs of the hanger, the rate 
of nucleation diminishes in both 
directions from a, and the re- 
crystallized grain size increases 
accordingly. Finally, at points 
Cy the energy stored by bending 
is barely sufficient to initiate 
recrystallization at the anneal¬ 
ing temperature, only a few nuclei form, and an abnormally coarse grain 
size is produced. From c to b, the extent of deformation is too small to 
permit nucleation; recovery during annealing will further reduce the 
small amount of energy stored in the metal, but there will be no re- 
crystallization and no change in grain size. The result of annealing the 
cold-formed hanger is, then, that shown in Fig. 9-4: a gradient in re- 
crystallized grain size from a minimum at point a to a maximum at 
points c, with no change from the original grain size beyond c. This 
is typical of the recrystallization behavior of any metal in which a 
gradient exists in the extent of deformation. 

It is, of course, at c —where the minimum amount of cold work 
required for recrystallization has just been attained—that the properties 



Fig. 9-4. Effect of a Gradient in the 
Extent of Previous Cold Work upon Grain 
Size Produced by Recrystaliization. 
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of the metal are most seriously affected. Here, abnormally coarse grain 
size seriously reduces the strength properties, plasticity, and impact and 
fatigue resistance of the metal, and it is here that service failure is most 
likely to occur. For example, in one well-known case, a gradation in 
grain size of the type illustrated in Fig. 9-4 was created in each link 
of a very heavy chain manufactured from a low-carbon iron and 
intended to support a small suspension bridge. At a point corresponding 
to c (Fig. 9-4) a region of abnormally coarse grain size appeared; some 
of the a-iron grains, in section, were as large as a man’s thumbnail. 
Service failure eventually occurred through such a region, and the 
bridge fell into the river that it was built to span. 

There are several possible solutions to the problem presented by 
the grain-size gradient that results from recrystallization in the presence 
of a strain-hardening gradient. The most obvious of these is to avoid 
recrystallization. If the part is not intended for an elevated-temperature 
application, so that recrystallization in service will not occur, and if 
somewhat reduced corrosion, impact, and fatigue resistance in the 
cold-worked region is not a problem, then annealing subsequent to 
forming may be omitted, and the part put into service strain hardened 
locally but with its original grain size unchanged. This is often done. 

If local strain hardening and residual stress cannot be tolerated, an 
annealing treatment subsequent to cold forming is necessary, but it 
should be a treatment such that coarse grain size is not developed 
anywhere in the part. One effective solution is to use a light anneal— 
prolonged heating at a relatively low temperature, to allow resoftening 
by the recovery process. The initial temperature for the light anneal 
should be just below the minimum recrystallization temperature, so 
that recovery will occur at the maximum rate possible without accom¬ 
panying recrystallization. As recovery proceeds and the stress level in 
the metal is reduced, the temperature required for recrystallization 
rises. Therefore, to expedite recovery, the annealing temperature can 
be slowly raised during the stress-relieving treatment, but not, of course, 
to the point where active grain growth will occur. Because recovery is 
slow and recrystallization is rapid, this technique must be used very 
carefully; if heating is just a little too rapid, a few recrystallized grains 
will appear, and final grain size will be correspondingly coarse. Further, 
even at the highest temperatures that can safely be used, complete 
recovery requires a long time; and so, while this is a useful and effective 
heat treatment, it is also an exacting and rather expensive one. 
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Alternatively, the part may be given a full anneal after forming 
under such conditions that it will recrystallize to a fine grain size every¬ 
where. If the original metal bar were cold drawn before being bent 
into the hanger in Fig. 9-4, the strain gradient produced by bending 
would be superimposed on a uniformly high-energy condition through¬ 
out the metal, and a full anneal would produce a fine recrystallized 
grain size everywhere. In this case heating should be rapid and the 
annealing temperature well above the minimum recrystallization 
temperature, to minimize recovery and insure a high nucleation rate in 
all parts of the hanger. A similar condition of general strain hardening 
could be produced in the hanger by bending it cold from annealed 
metal, then peening or surface-rolling it thoroughly on all surfaces. 
This has the advantage that annealed metal is less likely to crack 
during bending than is metal already cold worked. However, since 
peening and surface-rolling cold work the metal only to a very 
limited depth, this technique is effective only on rather light metal 
sections. 

2. Recrystallization in Service. If the hanger in Fig. 9-4 were to be 
used in an elevated-temperature application—for example, to support 
a tube passing through the combustion chamber of a chemical process 
furnace—rccrystallization in service might be disastrous. Coarse 
recrystallization would seriously reduce the properties of the hanger, 
and even fine recrystallization would accelerate creep—slow deforma¬ 
tion under static load—as is brought out in a later section. This aspect 
of recrystallization has become particularly important in very recent 
years, with the rapid trend toward lighter sections, higher speeds, 
lower safety factors, and higher service temperatures in boilers, turbines, 
internal-combustion engines, and jet aircraft. 

The most obvious solution to the problem of recrystallization in 
service is to select a metal whose minimum recrystallization temperature 
is well above the expected service temperature. For example, nickel or 
Monel metal might be substituted for copper in service at, say, 600® F., 
which is above the minimum recrystallization temperature of copper, 
but safely below that of nickel and Monel. Alternatively, a hetero¬ 
geneous alloy might be selected, in which an undissolved constituent 
persists at the service temperature to obstruct mechanically the develop¬ 
ment of coarse grains anywhere in the metal. Thus, the well-distribwted 
FC 3 C of a medium- or high-carbon steel remains undissolved by the 
a-steel matrix up to about 1300® F. At lower temperatures, its presence 
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efifectively opposes the development of coarse grain size during re- 
crystallization of the a-steel.l^ 

Such substitutions as these must be carefully considered with 
regard to requirements other than recrystallization behavior, and par¬ 
ticularly in respect to cost, formability, mechanical properties at the 
service temperature, creep behavior, and corrosion resistance. Fre¬ 
quently material substitution proves impractical or uneconomical. 
Then the metal to be used should be put into service in as nearly a 
stress-free condition as possible. Any of the heat treatments described 
under example 1 above will serve to eliniinate residual stress in advance 
of installation. If this solution is adopted, the heat-treating temperature 
used should be well above the expected service temperature, in order to 
insure that recrystallization, recovery, or grain growth will not occur 
in service under load. Alternatively, a cast metal is often substituted for 
a wrought metal for elevated-temperature applications. Thus, the 
hanger in Fig. 9-4 might be manufactured as a single casting, or be 
assembled from straight, annealed bars joined by a U-shaped casting. 
As will become evident from later discussions of hot working, forged, 
pressed, or hot-bent sections are often equivalent to castings with 
regard to recovery or recrystallization behavior, but may be subject to 
grain growth at high temperatures, and so be deficient with regard to 
creep properties. 

3. Accidental Recrystallization. Even more common than the 
appearance of abnormally coarse grain size as the result of improperly 
planned heat treatment or recrystallization in service is its accidental 
development during some operation that involves heating of the metal 
but is not intended to produce recrystallization. The most common 
example of this occurs in the welding of cold-finished or cold-formed 
metal sections, as a result of the temperature gradient established during 
welding. 

To produce a weld, the metal at the joint must ordinarily be melted. 
Adjacent to the zone of actual fusion, the metal is raised to a temperature 
high enough so that recrystallization can occur, and thus there is pro¬ 
duced on each side of the weld a heat-affected zone in which if the 
metal was cold worked before welding—recrystallization has occurred. 
If previous deformation was extensive, the relatively high temperature 
achieved just outside of the zone of fusion will result in a high nucleation 

!■* Because it is not pcnnanently deformed during the mechanical working of the t , 
the FejC itself docs not recrystallize at any temperature. 
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rate and a fine rccrystalUzed grain size locaUy. With increasing distance 
from the zone effusion, both temperature and nucleation rate diminish 
and recrystallized grain size increases. Finally the point is reached at 
which the temperature is just at the minimum for nucleation of the 
cold-worked metal, only a few nuclei appear, and the recrystallized 
grain size is very coarse. Beyond this there will be no recrystallization, 
and little recovery, because the latter is a relatively slow process and 
welding temperatures are usually maintained for only a short time. 

It is, of course, through the region of coarse recrystallization that 
failure of the welded section is most likely to occur. The welder, in all 
innocence, then points with pride to the fact that the weld itself was 
“stronger than the sections joined,” since the fracture path was outside 
of the zone of actual fusion. Unfortunately, an appreciation of the 
dangers involved in welding cold-worked metals seems to be very rare. 

These dangers are not restricted to welding operations, but rather 
appear whenever a cold-worked metal is locally heated to a tempera¬ 
ture high enough so that recrystallization can occur. Similar situations 
and identical results may arise from brazing, soldering, induction 
heating, localized heat treatment by furnace or torch methods, oxygen 
cutting, hot-driving rivets or burning them out, etc. Further, the stored 
internal energy that makes recrystallization possible and a temperature 
gradient dangerous may result from cold finishing during the manu¬ 
facture of the sections joined, from cold forming during their fabrica¬ 
tion, or from local or generalized strain hardening in service. 

9-13. Microstructnre After Recrystallization 

The new crystals produced by recrystallization are approximately 
equiaxed instead of elongated in the direction of previous deformation, 
unless the banding from that deformation was so pronounced that 
nonmetallic inclusions, etc., have obstructed the growth of the new 
grains in certain dimensions. In face-centered cubic metals, grains 
produced by recrystallization tend to be angular in outline, instead of 
rounded as they are in a cast metal, and seem always to contain a 
multitude of broad annealing twins. In any metal not cold worked 
again after recrystallization has occurred, mechanical twins and 
deformation bands are absent. Recrystallized grain size b usually much 
finer than the grain size of the as-cast metal, but this is not always true, 
because the critical combination of temperature and extent of previous 
deformation can produce a tremendously coarse recrystallized grain 
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size. (In fact, the technique of slight mechanical reduction followed by 
careful annealing is a standard one for preparing very large single 
crystals of alpha-iron, aluminum, magnesium, alpha-brass, etc.) 

^14. Annealing Textures 

Since annealing may take many different forms, its results with 
regard to a preexisting preferred orientation vary according to the 
specific annealing process used. Thus, a light anneal accomplishes 
recovery only, with no change in size, shape, or orientation of grains, 
and so does not affect the preferred orientation. An anneal involving 
grain growth produces an increase in size of some grains at the expense 
of others. The larger grains, which persist unchanged in orientation 
during their growth, are usually more nearly parallel in their orienta¬ 
tions than are the small ones that disappear. Therefore, a slight increase 
in perfection of preferred orientation usually accompanies an anneal 
which involves grain growth; but if only normal grain growth occurs, 
the effect is minor and is safely neglected. Unless annealing produces 
recrystallization or a polymorphic transformation, any previously 
existing preferred orientation persists essentially unchanged after heat 
treatment as an annealing texture, which is simply a preferred orientation 
in an annealed metal. 

As is emphasized in the discussion of heat treatment of steel in Alloy 
Series in Physical Metallurgy, polymorphic transformation is usually 
effective in eliminating preferred orientation from a mechanically 
worked metal. Recrystallization may or may not be effective, but 
usually it is not; sometimes it is the initial step in producing an 
essentially perfect preferred orientation. 

The first stage of recrystallization is nucleation; and it is, of course, 
the orientation of each stable nucleus that determines the orientation 
of the grain that grows from it. If the nucleus orientation is random, 
there can be no order in the orientation of the grains produced by 
recrystallization; if stable nuclei appear in any systematic orientation, 
a corresponding annealing texture will exist when recrystallization is 
complete. On this basis, three different situations are possible during 
recrystallization. 

1. Nuclei may have the same orientation as the parent crystal. In this case, 
each nucleus would in effect be a stress-free region suddenly created in 
the parent crystal. It would not be effective in initiating growth of a 
new crystal, but should greatly accelerate the process of recovery in the 
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distorted region where it appears. It seems that the probability of such 
an occurrence may be relatively high, and that this may be an important 
mechanism in the relatively rapid recovery which occurs at high tem¬ 
peratures. However, it cannot be said to produce recrystallization in any 
ordinary sense, and so may be omitted from further consideration here. 

2. Nuclei may have random orientations. Since the motions of individual 
atoms activated for diffusion are random, and since formation of a 
nucleus is accomplished by the chance appearance of a specific pattern 
within a group of adjacent atoms simultaneously activated, it appears 
that the recrystallization nucleus might have any orientation. On the 
other hand, an established crystal structure surrounding the region in 
which nucleation is occurring, and the exbtence of a definite arrange¬ 
ment among the atoms just as they arc activated to form a nucleus, 
might be expected to influence the arrangement they adopt, and so the 
orientation of the nucleus they form. The more seriously the structure 
of the parent crystal is disturbed by previous cold working, crystallo¬ 
graphic imperfections such as grain boundaries, and thermal agitation, 
the less strong is the influence of the preexisting structure. The nuclea¬ 
tion rate is greatest in grain boundaries and other disturbed regions 
where the energy of the metal is highest and its influence upon nucleus 
orientation is least .There is, therefore, a definite probability that nuclei 
of recrystallization will have random orientations, and this probability is 
increased by extensive previous strain hardening, fine initial grain size, 
and relatively high recrystallization temperature. 

3. Nuclei may have preferred orientations. In spite of high temperature 
and crystallographic disturbances within it, the influence of the pre¬ 
existing structure upon the orientations of the recrysiallization nuclei 
is never zero. The probability is always at least a little higher for the 
appearance of certain orientations related to those of the parent crystals 
than for the appearance of totally unrelated orientations, although this 
probability differential may be greatly reduced by the factors considered 
above. What may be still more important, surface-energy relations 
between nucleus and parent crystal probably favor the growth of 
nuclei having certain orientations and oppose the growth of others, so 
that—before recrystallization is completed—favorably oriented new 
crystals will have grown enough to absorb those less favorably oriented. 
Within any given grain, then, the nuclei that persist and grow into 
recrystallized grains may show some degree of disorder in their 
orientation, but complete randomness would be quite unexpected. The 
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same is true of nuclei formed within adjacent grains when these grains 
have parallel orientations. Therefore, if preferred orientation existed in 
the cold-worked metal, some degree of preferred orientation also exists 
after recrystallization is completed. However, the preferred orientation 
evident in the recrystallized grains is necessarily different from that 
initially present in the cold-worked metal, and the degree of perfection 
varies widely with several different variables. 

Extensive cold working in advance of annealing has two opposing 
effects. First, it favors the development of pronounced preferred orienta¬ 
tion in the strain-hardened metal, which increases the probability that 
recrystallization nuclei formed in different grains will have parallel 
orientations. Second, it increases both crystallographic distortion and 
the nucleation rate at any given temperature, increasing scatter in the 
orientations of nuclei formed in any given grain. The net effect of an 
increase in extent of deformation is therefore hard to predict. In general, 
however, until the deformation texture becomes pronounced, it seems 
to reinforce the effects of fine initial grain size and reasonably high 
annealing temperature in increasing the randomness of orientations in 
the recrystallized grains. 

It seems usually to be true that any factor which favors fine re- 
crystallization also favors random orientation of recrystallized grains, so 
that annealing textures are usually weak when the recrystallized grain 
size is small. But subsequent growth of these small grains seems to be 
very selective, and to alter this situation markedly. If any degree of 
preferred orientation exists among them, certain grains having specific 
orientations seem to grow at abnormally high rates and to absorb the 
less favorably oriented grains that surround them. The reason for this 
is not clear, but the results are very evident. Within a surprisingly short 
time the fine-grained aggregate, in which the preferred orientation is 
slight, is converted to a very coarse-grained aggregate in which the 
preferred orientation is nearly perfect. 

When it is desired to produce as nearly perfect a recrystallization 
texture as is possible (e.g., in silicon-iron transformer sheets) the tech¬ 
nique usually used is a very heavy cold reduction, to produce a high 
degree of preferred orientation in the cold-worked metal, followed by a 
relatively long anneal at an extremely high temperature, to aUow the 
selective grain growth described above to have its maximum effect. 
When it is desired to minimize preferred orientation, only a moderate 
cold reduction is used, and both annealing time and annealing tempera- 



321 


9-16. Hot vs. Cold Mechanical Working 

ture are reduced, to minimize grain growth and retain a fine recrystal¬ 
lized grain size. However, it is often still more effective to use a heavy 
initial reduction and a long high-temperature anneal to produce a very 
high degree of preferred orientation; then to cold work the metal just 
enough to disturb this orientation and store sufficient energy to allow 
fine recrystallization; and finally to reanneal at a relatively low tem¬ 
perature. This seems to produce an absolute minimum of preferred 
orientation in the recrystallized metal. 

9-15. Annealing Twins 

Annealing twins offer another unsolved problem in recrystallization 
that is of particular interest because the perfect orientation relationship 
between twin and parent crystal represents the ultimate in rccrystalliza- 
tion textures. 

It is quite generally believed that each annealing twin originates 
within a previously existing mechanical twin. If so, the recrystallization 
nucleus formed within a. mechanical twin must have the same orienta¬ 
tion relative to its parent structure as the nuclei formed in the untwinned 
regions on each side of it have relative to their parent structure. This 
alone would not be hard to accept. However, when a large crystal of, 
say, a-brass (face-centered cubic) is rather extensively cold worked and 
then recrystallized into a multitude of randomly oriented small crystals, 
annealing twins are common in the recrystallized metal—and are 
exactly as random in their orientations as the crystals in which they 
appear. Here, if there is any relation at all between orientation of 
annealing twins and of preexisting mechanical twins, it is a complex 
and apparently an inconsistent one. 

For this and other reasons, there are many authors who now believe 
that annealing twins originate in an ordered nucleation process and 
are not dependent for their appearance upon the presence of mechanical 
twins in the cold-worked metal. This view seems very reasonable until a 
situation such as that described above is encountered, where no order is 
evident in the nucleation even of the recrystallized grains themselves. In 
the present state of knowledge, it is probably wisest simply to admit that 
the mechanism for the formation of annealing twins is still a mystery. 

Hot vs. Gold Alecluuucal Worldng 

The term “cold mechanical working’* has been used quite freely 
and somewhat loosely in many previous discussions, with no attempt to 
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define it or to distinguish it from the only other general type of mechani¬ 
cal deformation—which is, of course, hot mechanical working. This 
has been necessary because the definitions of these two terms hinge 
upon the concept of strain hardening, and the distinction between them 
rests upon the processes of recovery and recrystallization. 

Cold mechanical working is permanent deformation of a metal accomp¬ 
lished under such conditions that strain hardening, and the changes in 
internal condition associated with strain hardening, persist in the metal 
at room temperature when its deformation has been completed. Hot 
mechanical working is permanent deformation accomplished under such 
conditions that strain hardening is not evident in the deformed metal 
at room temperature after forming. This does not mean that strain 
hardening does not accompany hot working; there is definite evidence 
that it does accompany permanent deformation at any temperature 
and under any conditions. It implies rather that, during or after a 
hot-working operation, resoftening of the metal (by recovery or 
recrystallization) is so rapid that the metal is returned to essentially 
the dead-soft condition before its room-temperature properties can 
be determined. 

It is important to realize that the distinction between cold working 
and hot working is based upon the room-temperature properties of the 
metal after deformation has been completed, and not upon the tem¬ 
perature at which the deformation is accomplished. Thus, commercially 
pure cadmium, lead, and tin, and very pure zinc, aluminum, silver, 
and gold recrystallize rapidly at room temperature after reasonably 
extensive reductions.^5 Deformation of these metals at room temperature 
is, therefore, actually hot mechanical working; they can be permanently 
strain hardened to a significant degree only by deformation at sub- 
atmospheric temperatures, and strain hardening persists only if they 
are never subsequently raised again to normal atmospheric tempera¬ 
tures. On the other hand, among most of the common metals of 
engineering, recovery and recrystallization are so slow at atmospheric 
and moderately elevated temperatures that they can be hot worked 
only at temperatures of several hundred degrees. This, too, leads to 
some rather confusing situations. Thus, even the purest iron does not 
recrystallize below about 750® F., while commercially pure copper 
does so below 300® F. A rolling operation at, say, 600® F. is cold rolling 

13 G. Sachs, and K. R. Van Horn, PTOCtUd Metdlurgy, Cleveland. American Society for 

MetaU, 1940. 
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if the metal being worked is iron, and hot rolling if it is copper. Tungsten 
can be cold worked at temperatures above 2000® F. 

Because recovery is inherently a slow process, it can keep pace with 
strain hardening only when deformation itself is very slow. Therefore 
it is chiefly of interest with regard to creep in metals, discussed in later 
sections. In connection with these later discussions, however, it is 
important to realize that if the deformation rate is very low, hot working 
is possible at temperatures somewhat below the minimum required for 
recrystallization. In industrial forming and fabricating operations, 
deformation is always so rapid that recovery and its results can be safely 
ignored; the distinction between hot-working and cold-working opera¬ 
tions can then be based entirely upon the question of whether or not 
recrystallization has kept pace with strain hardening. 

9-17. Advantages of Hot Working 

In spite of the inconvenience, expense, and actual danger in heating, 
handling, and forming njetals at elevated temperatures, hot-working 
operations are far more common in industry than cold-working ones, 
even in the Ccise of metals whose recrystallization temperatures are 
very high. There are several reasons why this is true. 

1. There is less danger of cracking the metal. Thermal agitation of its 
component atoms progressively reduces the inherent strength of a 
metal crystal as its temperature is raised, but evidently reduces still 
faster its resistance to slip. Therefore the plasticity of a metal in general 
rises rather rapidly with temperature, and—independent of the in¬ 
fluence of recovery and recrystallization—more extensive deformation 
becomes possible in advance of fracture. This effect is, of course, rein¬ 
forced by elimination of the embrittlement accompanying strain 
hardening when temperatures arc high enough so that recovery or 
recrystallization proceeds at a significant rate. Further, it has been 
observed that in many metals an increased number of slip systems 
becomes active at the higher temperature, which markedly increases 
plasticity. This is especially important in magnesium and its alloys, 
which are quite brittle at any temperature up to about 400® F., 
because slip is possible only on a single set of (001) planes and because 
strong preferred orientation develops rapidly during deformation. At 
higher temperatures slip is also possible .in magnesium on the six sets 
of {101} or pyramidal planes, which are second only to the (001} planes 
m density of atomic population. This greatly increases the inherent 
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plasticity of the metal, reduces the seriousness of the preferred orientation 
developed by working, and makes possible the reasonably extensive hot 
working of magnesium and its alloys, whereas extensive cold deforma¬ 
tion of them is impossible. Generally similar effects are noted in many 
other metals, although the results are not often so spectacular as this. 

There are many commercial metals and alloys which, because of 
excessive brittleness at low temperatures, must be hot worked if they 
are to be extensively deformed. This is true, for example, of zinc, 
tungsten, and molybdenum,*® as well as magnesium; of copper alloys 
which are rich in zinc, tin, aluminum, or phosphorus;*’ and of many 
intermetallic compounds, including tungsten carbide,*® which is the 
usual basis of the hard carbide inserts used in high-speed cutting tools. 
It is also true of cast ingots of many metals and alloys, including nearly 
all steels and irons. Primarily because of the coarse grain structure and 
the segregation of impurities and alloying elements typical of cast 
metals, ingots are very tender and cannot often be cold worked at all 
without cracking or splitting. Even during hot working they must 
usually be worked rather gently during the initial breakdown period, 
until recrystallization and diffusion have converted the ingot structure 
to the finer-grained, more nearly homogeneous condition typical of 
wrought metals. *5 

There are, then, many materials which cannot be extensively 
deformed by cold-working methods without cracking, but which can 
be successfully formed hot. Further, even when cold-forming methods 
can also be used, more extensive deformations are usually possible with 
hot-forming techniques. 

2. Power requirements are less. At an elevated temperature, the resist¬ 
ance to slip is reduced, and if recovery or recrystallization is active, 
strain hardening is partially or completely eliminated as soon as it 
appears. This reduces the power required to accomplish a given amount 
of deformation, and either reduces the size of the machine needed to 
produce a. given reduction or increases the capacity and production 
rate of a machine already installed. This is, of course, important both 

»« G. E. Doan and E. M. Mahla, The Principles of Physical Metallurgy, New York, McGraw- 
Hill Book Company, Inc., 1941. 

17 G. Sachj and K. R. Van Horn, op. cit. 

J8 Ibid. . . f 

i9 Complete conversion of a cast to a wrought structure usually require reducuons oi 
something like 50% ‘o 80% in cross-secUonal area. However, a pronounced improvement 
in plasticity, etc., is always evident after reductions much less drasUc than these, m spite ot 
some residual “ingotism.” 
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where very large sections are to be worked and where a large number of 
smaller sections are to be formed. 

3. Intermediate anneals are eliminated. During cold working, strain 
hardening progressively increases both the power required to pro¬ 
duce each increment of deformation and the danger that the metal 
will crack instead of deforming further. As was said in Section 8-2, 
any extensive cold-forming operation usually involves one or more 
intermediate anneals. During hot working, on the other hand, strain 
hardening is eliminated about as rapidly as it is produced, and the 
expense, delay, and inconvenience of intermediate anneals are avoided. 
In effect, the metal is annealed while it is being worked, so that power 
requirements remain constant, plasticity of the metal is maintained, 
and the section is left in nearly a dead-soft condition when hot working 
is completed. 

It is worth noting here that in practice a small amount of strain, 
hardening occasionally persists even after an operation which is normally 
hot working. There are at least three gener^ cases in which this can 
occur, (a) It is principally rccrystallization that makes hot working 
possible, and recrystallization will not occur at any temperature below 
the melting point unless a certain minimum amount of deformation has 
been exceeded. If the extent of deformation is less than this, and if the 
temperatures are too low or the time too short for recovery to become 
significant, then a small amount of persistent strain hardening will be 
produced by deformation at any temperature. For example, pure zinc 
will rccrystallize at room temperature if it has been deformed exten¬ 
sively, but will retain the small amount of strain hardening induced by 
a light reduction for several hours or even days, until it is finally 
eliminated by recovery, (b) Since it b accomplished by a diflfusion 
mechanism, even rccrystallization takes time, no matter what the 
temperature of the metal. Therefore, if a metal is deformed rapidly at 
any high temperature and then promptly quenched to below the 
rccrystallization minimum, its rccrystallization will be incomplete and 
It will retam some of the strain hardening induced by the mechanical 
working. Copper, for example, can be nouceably strain hardened at 
temperatures as high as 1100“ F. by a very rapid hot-forming operauon 
such as hammer forging, if the metal is cooled rapidly enough after 
forming to prevent its complete recrystaUization between the forming 
temperature and the rccrystallization minimum .20 (c) The temperature 

^ G. Sachs and K. R. Van Horn^ op, cit. 
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of a inctal often drops continuously during a hot-forming operation 
particularly if temperatures are high so that radiation is rapid, if 
sections are thin so that the ratio of radiating surface to mass is high, 
if reductions arc light so that little mechanical energy is being converted 
into heat, and if there are appreciable delays between successive stages 
of reduction. As a result, toward the end of a forming operation the 
metal temperature may drop to or below the recrystallizalion minimum, 
so that hot working grades into cold working. Occasionally this is 
desirable, to leave the strain-hardened metal with a minimum of 
preferred orientation. It is a fairly common technique with alloys of 
magnesium and of zinc. More commonly it is avoided, since better 
control of the extent of strain hardening and of dimensions and surface 
finish is usually possible in a subsequent cold-forming operation at room 
temperature. 

4. Grain refinement is possible. As long as deformation is continued, 
energy is stored in the metal by it. Whenever and wherever sufficient 
energy has been stored, recrystallization nuclei can form. If, then, 
deformation itself is continuous and is carried on at a temperature 
above the rccrystallization minimum, continuous recrystallization occurs 
within the metal. Hot-working operations are usually performed in the 
range of temperatures in which active grain growth can occur; however, 
normal grain growth is a relatively slow process when compared with 
recrystallization. Therefore, if hot deformation is reasonably rapid, 
new generations of small crystals constantly appear to replace the 
preexisting grains, and before the latter have been in existence long 
enough to grow to large size. In general, the grain size of a metal is kept 
fine by continuous recrystallization for as long as vigorous hot working 
continues. 

If, as is usually the case, fine grain size is desired in the finished 
metal section, then its hot working must not be discontinued at a 
temperature high enough so that active grain growth will continue 
after deformation and recrystallization have ceased. The usual rule is to 
“work hot” for maximum plasticity and minimum power requirement, 
and “finish cold”—i.e., schedule the forming operation so that 
vigorous hot reduction b continued until the metal temperature has 
dropped to the point where grain growth during subsequent cooling 
will be slight. The optimum finishing temperature is usually just above the 
minimum recrystallization temperature, to leave the metal in a condi¬ 
tion of minimum grain size but substantially free of strain hardening 
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and residual stress. It is important that the last stage of deformation be 
fairly drastic so that final recrystallization will give the desired fine grain 
size. If the final reduction is light, and particularly if the finishing 
temperature is rather high, an abnormally coarse recr>stallizcd grain 
size will probably result. Light reductions should always be avoided 
during the final stages of hot working. 

5. Directionality in properties may be minimized. It is not very safe to 
generalize concerning the degree of preferred orientation developed 
by hot working compared with that produced by cold working and 
annealing. Usually, however, a fine recrystallized grain size produced 
by hot working shows an annealing texture no more pronounced than 
that from annealing a cold-worked metal, and occasionally it is far 
less pronounced—presumably because more slip systems are active at 
the higher temperature, so that the deformation texture in which an 
annealing texture originates is less well developed. On the other hand, 
quite pronounced preferred orientations have been observed even in 
hot-rolled low-carbon steels, and are sometimes very serious in extruded 
or even in forged magnesium and magnesium alloys. 

It seems frequently to be true that preferred orientation and 
directionality in properties are less evident in hot-formed metals than 
in the same metals cold-formed and annealed, but this is not always 
the case; it should be verified for any given operation. 

9-18. 'Disadvantages of Hot Working 

Particularly if sections are heavy and deformations are extensive, 
hot forming is usually cheaper than cold forming and annealing. There 
are many exceptions to this, however. Certain disadvantages are 
inherent in hot-working operations that quite often outweigh its 
advantages and make cold forming economical instead. Among the 
disadvantages frequently encountered are these: 

1. Maintenance of temperature is often difficult. Especially when sections 
are light, it is often both difficult and expensive to keep the metal at a 
proper temperature for hot working. Thus, thin sheets and fine wire 
cool so rapidly that, except by using heated rolls and dies, etc., they 
cannot usually be kept in the hot-working range of temperatures 
during forming. Such special equipment is expensive to install, operate, 
and maintain, and as a rule is economical only for the relatively large- 
scale production of rather high-cost materials. Most light-gage metals 
are cold formed. 
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The size limit below which hot working is no longer economical 
varies with the nature of the metal, its minimum recrystalUzation 
temperature, the geometry of the section being formed, and the nature 
and speed of the forming operation. However, except with metals 
whose recrystallization temperatures are very low, hot reduction is 
not often attempted on sections thinner than about 0.10 inch in thick¬ 
ness or diameter. Heavier sections are usually formed hot, but are often 
given a subsequent cold-finishing operation to secure the special 
benefits of cold working outlined below. Most cold-worked metals are 
actually hot worked first, to dimensions approaching those of the 
finished section, before cold-forming operations are begun. 

Precise temperature control during deformation is made more 
difficult by heat developed in the metal as a result of the mechanical 
work done on it. Thus, particularly with light sections of metals whose 
recrystallization temperatures are high, it is usually necessary to reheat 
the metal occasionally between successive stages of hot forming, in 
order to maintain a proper working temperature. But when sections are 
moderately heavy, shapes are simple (so that the ratio of surface to mass 
is small), and reductions are drastic, enough heat may be developed by 
deformation to maintain or even raise the temperature of the metal. In 
a high-speed, continuous rolling mill, sted often leaves the final stand 
of rolls hotter than it entered the first one. The extreme case of this 
type is the self-annealing of a metal during its mechanical working at 
room temperature. 

Metals such as copper and aluminum are occasionally found, 
during room-temperature deformation, to strain harden continuously 
to some maximum value of hardness and strength, and then, with the 
next increment of deformation, to resoften almost completely. This is 
the joint result of preliminary deformations extensive enough to reduce 
the recrystallization temperature to its minimum value (of the order of 
only 200® to 300® F. in these metals) and of the development of internal 
temperatures high enough so that recrystallization actually occurs. It is 
facilitated by drastic reductions and by simple, rather thick metal 
sections, so that the rate of heat development is high and the rate of 
heat dissipation low. This self-annealing is, of course, possible at all only 
for plastic metals whose minimum reci^tallization temperatures arc 
relatively low, but for them it is a very useful effect. It makes possible 
the cold drawing and cold rolling of such metals to very light gages 
without intermediate anneals; this would be impossible if, during 
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reduction, they actually remained at room temperature and if the 
forming process were actually cold working, as it appears to be. 

2. Surface finish is usually poor. Except for metals whose rccrystalliza- 
tion temperatures are so low that they can be hot worked at or near 
room temperature, and precious metals which resist oxidation at any 
temperature, most metals rapidly acquire a scale or surface film of 
oxide at the temperatures required for hot working. Usually this is 
unsightly, an unsatisfactory base for painted or plated coatings, a 
hazard to cutting tools and forming dies in subsequent machining or 
cold-forming operations, and both difficult and expensive to remove. 
Cold working minimizes surface oxidation, and hence generally 
produces a finer surface finish. Other factors which contribute to 
improved finish on cold-worked metals are avoidance of rolled-in 
particles of scale, less rapid deterioration of roll and die surfaces when 
they arc used against cold rather than hot metal, and greater ease in 
cleaning both metal surface and forming surface between successive 
stages of reduction. 

3. Precise control of dimensions is difficult. Because of loss of metal by 
oxidation,21 uncertainties in allowing for thermal contraction during 
cooling after finishing, and difficulties in maintaining forming-surface 
contours, clearances, and finishes, most hot-formed metal sections 
cannot be held to precise dimensional tolerances. Closer tolerances can 
be maintained consistently during cold-forming operations, and this is, 
of course, facilitated by the greater convenience and higher precision 
of intermediate inspections if the metal being worked is always at or 
near room temperature. 

4. Strain hardening is eliminated. In most respects, elimination of strain 
hardening is an important advantage of hot-working operations. 
However, there are some forming operations, such as deep-drawing, 
which become impossible when strain hardening is not persistent; and 
the greater hardness, strength, and machinability of cold-finished 
metal sections are frequently desirable. Fortunately, strain hardening 
is rapid enough in most metals so that a relatively small amount 
of cold reduction will ordinarily produce the properties desired in a 

Lou of section as a result of oxidation is oAen a very serious problem during the hot 
working of a chemically active metal. Industrially it is particularly important in the of 
steel, which is bandied in tremendous tonnages and must be worited at relatively high 
temperatures. The thickness and rate of accumulation of iron-oxide scale around the hot- 
forming rolls in any steel mill are truly amazing; roll scale is collected in sufficient toimages 
to be an important part of the charge to most open-hearth steel-making furnace. 
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cold-finished metal, and convert it from the hot-worked to the cold- 
worked condition. 

5. Structure and properties are not uniform, A somewhat higher degree 
of uniformity in structure and properties is usually claimed for metals 
which have been cold worked and annealed than for the same metals 
hot worked. In part, at least, this is because precise temperature control 
is far easier during a furnace anneal than during the final stage of a 
hot-forming operation. However, grain size is also usually more nearly 
uniform across a section that has been cold worked and annealed. 

The final grain size of a hot-worked metal is never completely 
uniform throughout a section of any size, for two reasons. First, deforma¬ 
tion is always most extensive in the surface layers of the metal, so that 
the finest recrystallized grain size is maintained there. Second, since a 
metal necessarily loses heat through its external surfaces, the interior 
of a cooling metal is always hotter than its surface layers. Oration of 
hot mechanical working is, of course, based on surface temperatures 
and usually occurs while internal temperatures are still high enough 
for active grain growth. Therefore a hot-worked metal ordinarily 
shows a gradient in grain size from fine at the surface to coarse at the 
center; in very thick sections the difference from surface to center 
may be pronounced. Fortunately, it is generally in the surface layers 
of the section that the highest properties are required, so that this type 
of grain-size gradient may not be particularly damaging. On the other 
hand, during annealing subsequent to cold work, the surface layen of 
the metal attain the furnace temperature first, and—unless later, cooling 
is quite slow—usually maintain it longest. If the annealing temperature 
is high enough for active grain growth, the metal that has been cold 
worked and annealed will also show a grain-size gradient, and it may 
be of the more serious type in which the coarsest grains are near the 
surface 

6 . Certain metals and alloys cannot be hot worked. While there are a 
great many metals and alloys that can be hot worked but not cold 
worked, there are also a few that can be cold worked successfully but 
cannot be hot worked. Such materials are said to be hot short, i.e., 
deficient in plasticity at elevated temperatures. 

Hot shortness seems always to result from the existence within a 
metal of intergranular layers of some low-melting constituent which 
actually melts at the hot-working temperature so that cohesion between 
metal grains is lost. In copper, for example, a few thousandths of a 
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percent of bismuth has this effect. A steel whose sulfur content has not 
been combined as MnS by a sufficient addition of manganese contains 
intergranular layers of FeS which make it very hot short. 

With improved refining methods to eliminate impurities having 
this effect, and with better understanding of alloying additions that 
can often overcome it, hot shortness is now much less of a problem than 
it was even a few years ago. However, it is still encountered—for 
example, in a-brasses to which additions of lead have been made for 
improved machinability. When it is encountered, cold-working methods 
must ordinarily be used if mechanical-forming operations are attempted 
at all. 

An attempt to balance the relative advantages of cold and hot 
mechaniefal working makes it obvious why operations of both types are 
widely used in modern industry. The advantages of hot working are 
most evident for heavy reductions on large sections where the produc¬ 
tion rate is high. Cold wprking is usually reserved for finishing passes 
on sections which have been hot worked down to almost their final 
dimensions. Its advantages are most apparent for light reductions on 
thin sections where accurate dimensions, good surface finish, and high 
strength and hardness must be achieved. However, there are many 
special cases in which hot-forming techniques prove advantageous in 
the general field usually reserved for cold forming, and vice versa. 

9-19. Force Required to Produce Permanent Deformation 

As an introduction to a discussion of creep in metals, it is necessary 
to consider further the factors that influence the magnitude of the 
force required to produce a given increment of permanent deformation 
in a specific metal. There are several such factors, and their interrela¬ 
tions are somewhat complex. 

Temperature of course is of primary importance in determining 
the deformation behavior of any metal. In general, an increase in 
temperature reduces the strength of the bonding forces that resist slip, 
and so decreases the mechanical energy required to produce a given 
increment of permanent deformation. Activation of additional slip 
systems frequently further decreases the resistance to slip offered by the 
metal, particularly if it is fine grained so that the slip mechanism is 
necessarily complicated. However, the effects of temperature upon 
resistance to deformation are not independent of the initial condition 
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of the metal, or of the period of time over which the force that produces 
deformation is maintained. 

It was implicit in earlier discussions of stress relief by grain growth, 
recovery, and recrystallization that a directed drift of atoms accom¬ 
panies diffusion in any stressed metal, and that the drift is always such 
that it tends to reduce stress in the metal. This is true not only when 
the stresses involved are residual from cold working, but also when they 
are induced by external loading. The tendency of diffusing atoms to 
assume equilibrium positions in stress-free crystals causes a metal to 
yield slowly even to rather low external loads in a spontaneous effort 
to eliminate stress induced by those loads. Slow permanent deforma¬ 
tion by this means under static loads which are below the yield strength 
of the metal is involved in creep, which is discussed in later sections of 
this chapter. Under greater loads, diffusion still reduces the resistance 
to deformation offered by the metal, and so either reduces the load 
required to produce a given increment of permanent deformation, or 
increases the extent of deformation in response to any given external 
load. 

Any factor that increases diffusion rates within a metal exaggerates 
these effects; the wholesale diffusion involved in recrystallization or 
polymorphic transformation is particularly effective in doing this. 
For example, in forging steel it is almost always desirable to deform the 
metal at temperatures high enough so that it is in the y form (face- 
centered cubic) instead of in the form of a-steel (body-centered cubic) 
plus Fe^C, and to continue forging down to the temperature of the 
y-to-a transformation in order to minimize the final grain size of the y. 
Therefore it is traditional with steel to “forge hard and finish soft,” i.e., 
to continue deformation of the metal down to the temperature at which 
a sudden increase in the plasticity of the steel indicates that poly¬ 
morphic transformation has begun. Recrystallization has a similar 
effect, although it is somewhat less pronounced, and so do recovery and 
grain growth, although these are relatively slow processes and their 
effects are usually evident only when the deformation rates themselves 
are quite low. 

In general, then, resistance to permanent deformation diminishes 
more or less uniformly as the temperature of a metal rises, but it 
decreases suddenly and notably whenever diffusion is accelerated by 
the beginning of polymorphic transformation, recrystallization, active 
grain growth, or recovery. However, this generalization remains valid 
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only so long as, at each of the temperatures considered, resisUnce to 
deformation is measured under identical conditions of loading. The rate 
at which a dynamic load is applied or the lime interval during which a 
static load is maintained is actually another independent variable which 
may considerably alter the deformation behavior of the metal at any 
given temperature. 

g-20. Effect of Dnratioii or Rate of Loading 

As it is usually plotted, the nominal stress vs. strain curve for a 
tensile test of a typical metal is illustrated by the solid curve in Fig. 



Fig. 9*5. Modification of the Stress-Strain Curve to 
Represent Constant Loading Beyond the Ultimate 

Tensile Strength. 

9-5. Here, between the ultimate strength of the metal ( T.S.) and the 
point of fracture (F), nominal stress diminishes continuously as a result 
of the rapid local decrease in the cross-sectional area of the specimen. 
For the purposes of the present discussion, it is desirable—in the interests 
of consistency—to modify this curve by substituting the dashed hori¬ 
zontal line from T.S. to F' for the descending curve from T.S. to F. 
Experimentally, the modified curve would be obtained if during the 
last stages of the test the tensile load were kept constant while necking- 
down of the specimen occurred. This would be the case if, for example, 
the test specimen was supported vertically by means of stationary 
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clamps at its upper end, a bucket was hung from its lower end, and a 
load was applied by adding shot to the bucket. The additions of shot 
would be discontinued when, at T.S., necking-down began, but no 
shot would be removed from the bucket while the specimen extended to 
failure according to the dashed line from T.S. to F. 

Curves such as those in Fig. 9-5 consider only nominal stress and 
nominal strain and neglect the time factor, which can alter them con¬ 
siderably. Thus, as is illustrated by the curves in Figs. 9-6 and 9-7, 
when any given load is applied rapidly to the specimen and then held 
constant for a considerable period of time, it is found that extension of 


the specimen is not completed in¬ 
stantaneously, but increases with 
time under load. Initial applica¬ 
tion of the load is accompanied 
by relatively extensive elongation, 
much of which is elastic, but this 
is followed by additional perma¬ 
nent deformation which continues 
over a period of minutes, hours, 
days, or months. If the inidal 
load is light and the tempera¬ 
ture is relatively low, then each 
increment of strain produces an 
increment of permanent strain 
hardening sufficient to reduce 
the rate of further strain. The slope of the strain vs. time curve 
diminishes continuously, as in Fig. 9-6, and strain approaches a constant 
value.22 Thereafter, further extension becomes immeasurably slow, and 
fracture of the specimen will not occur within any finite period of time. 
If, at the same temperature, a load approaching the ultimate strength of 
the metal is applied, the situation represented in Fig. 9-7 will probably 
result. After greater initial strain as the load is applied, strain increases 
with time at a greater rate than in Fig. 9-6. Strain hardening con¬ 
tinuously diminishes the rate of strain, but before the strain rate 
becomes zero the reduction in cross-sectional area that accompanies 
extension of the specimen begins to increase the true stress markedly. 
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Fic. 9-6. Deformation vs. Time Curve 
(Creep Curve) for a Metal Held Under 
Constant Tensile Load Insufficient to 
Cause Fracture During the Period of the 

Test. 


Strain aging, which sometimes supplements strain hardening in this respect, is wn- 
sidcred in All<^ Series in Physical Metallurgf. It docs not signilkantfy alter the general relauon- 
ships of strain to time described here. 
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At a point of inflection in the curve, a {Fig. 9-7), balance is achieved 
between rate of strain hardening and rate of increase of true stress. 
Thereafter, reduction in cross-sectional area weakens the specimen 
more rapidly than strain hardening can strengthen it. The specimen 
then elongates to fracture at an accelerating rate, according to curve aF. 

Suppose that a standard tensile specimen of some metal is tested to 
failure at about the usual rate of testing—i.e., with elongation at the 
rate of about i inch per minute 
until necking-down begins—and 
is found to give the stress-strain 
relations represented by curve I 
in Fig. 9-8. Suppose that a second 
specimen identical with the first 
is then loaded at the same rate 
to nominal stress a, that stress a 
is maintained for exactly five 
minutes before the load is in¬ 
creased rapidly to stress by which 
is also maintained for five minutes 
before the load is increased to r, 
etc. Because of the additional 
time allowed for deformation to 
occur at each stress level where 
the load is held constant, there 
appears an increment of strain 
that would not have existed at 
the same stress had the load been 

increased continuously. The result of staged loading is a stepped curve— 
curve 2 in Fig. 9-8—in which, at all stresses above a, the total strain 
is greater than for curve 1. When stress g is attained, the curve of 
deformation vs. time under constant load has the shape of the curve in 
Fig. 9-7, and results in fracture at stress f in a period shorter than 
the arbitrary holding time of five minutes. Fracture occurs with 
approximately the same total extension of the specimen in advance of 
fracture that would have occurred had loading been continuous but at 
appreciably lower stress. 

Increasing the holding time to several hours at each level of constant 
stress would allow still greater extension of the specimen to occur 
during each holding period, and would give a stress vs. strain curve 



Fic. 9-7. Deformation vs. Time Curve 
(Creep Curve) for a Metal Held Under 
Constant Tensile Load Sufficient to Cause 
Fracture During the Period of the Test. 
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like curve 3 in Fig. 9-8, with still lower stress at fracture. A holding 
time of several days or weeks would reduce it further. 

Results equivalent to those illustrated by curves 2 and 3 in Fi?. 
9-8 can, of course, be obtained simply by decreasing the rate of com 
tinuous loading during a tensile test. This reduces the slope of the initial 
straight region of the stress-strain curve by a fraction of a percent,23 
which has no industrial significance, and gives smooth curves (dashed 
in Fig. 9-8) having the same trend as the stepped ones. Slower loading 



Fio. 9-8* Effect of Staged Loading or Continuous 
Loading at Various Rates upon the Stress-Strain Curve 

for a Given Metal. 


usually increases slightly the extent of elongation that precedes fracture, 
although—as will be seen in a later section—extremely slow loading 
will eventually reverse this trend. However, until the rate of loading 
becomes cither tremendously rapid (i.e., in impact) or very slow (in 
creep), variations in total strain in advance of fracture are relatively 
small. 

It is well known that a tensile test performed with very rapid 
extension of the specimen will give tensile and yield strength values 
appreciably higher than those measured at ordinary testing rates, 

23 C. Zener and J. H. Hollomon, “Plastic Flow and Rupture of Metals," Trans., AS.M., 
1944,pp. I63-2I2. 
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with small decreases in the percent of elongation in advance of fracture 
and in the percent of reduction of cross-sectional area. This effect is 
illustrated by curve 4 in Fig. 9-8. For reasons that will be discussed 
further in later sections, the influence of the deformation rate is greatest 
at temperatures high enough so that recovery, grain growth, recrystal¬ 
lization, or polymorphic transformation occurs at a significant rate 
during testing. Therefore, at room temperature the rate of testing is 
very important for lead, tin, copper, aluminum, etc., but for steel a 
tenfold increase in the rate of strain raises the observed tensile strength 
value by not more than about 5%.24 In some cases, however, even a 5% 
increase in strength value secured by rapid testing, or the slight increase 
in ductility value obtained by slow testing, is important; unscrupulous 
operators have frequently been known to adjust loading rates in order 
to meet strength or ductility specifications with metals that were 
actually substandard. When the specifications themselves have any 
real significance, data from the tensile test should not be accepted as 
legitimate unless the testing procedure used is known to have fulfilled 
rate-of-loading requirements established by the purchaser or those 
incorporated in the standard procedures outlined by the A.S.T.M. 
(American Society for Testing Materials) and similar organizations. 

9-21. Hot Pressing 

This same general effect is frequently used to real advantage in 
industrial forming operations—in this case legitimately*—in the substi¬ 
tution of hot pressing for hammer forging. At any given temperature 
the force, and therefore the energy, required to produce a given incre¬ 
ment of deformation diminishes with the rate of its application. Conse¬ 
quently, the slow, squeezing action typical of a pressing operation is 
considerably more efficient in shaping a metal than is very rapid 
application of the same force through the impact of a hammering 
operation. In hot pressing, therefore, smaller plant machinery can 
be used to produce a given reduction in section, and so most large 
forgings are made in presses instead of hammers. 

Hot pressing has several other advantages. A large fraction of the 
energy expended in a hammering operation is transmitted through the 
work to the anvil or die, or is returned as rebound of the hammer itself. 
Much of this wasted energy is dissipated in the vibration of the forging 

^ G. Zener andj. H. Hollomon, “Plastic Flow and Rupture of Metals,’* Trans.. AS.M,. 

1944, pp. 163-212. 
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machine itself, its foundations, and adjacent plant equipment and 
structures, to all of which it can be very damaging. Pressing avoids 
this, and also the accompanying discomfort to plant personnel. Further, 
deformation in impact is principally a surface effect, because the 
external load is removed before deformation of the surface layers of 
metal can transmit much of that load to the metal beneath them. The 
kneading action of a pressing operation is effective over greater distances 
within the metal, and so pressing is more efficient than hammer 
forging in refining the coarse ingot structure usually present in the 
interiors of heavy sections. 

All of these advantages of hot pressing are most important when 
large work is being handled. The lower first cost, higher production 
rate, and greater versatility of the forging hammer keep it in favor for 
most hot-forming operations on sections of small or moderate size. 

9-22. Creep 

Creep is slow permanent deformation of a metal held for long 
periods of time under constant or slowly changing loads which arc 

below its yield strength. Among 
the low-melting metals, such as 
lead and tin, creep is frequently 
a serious problem at atmospheric 
temperatures; more commonly 
it becomes important only at 
elevated temperatures. The 
creep behavior of a metal is of 
primary importance in deter¬ 
mining its usefulness under the 
extreme conditions of tempera¬ 
ture and stress developed, for 
example, in gas-turbine and 
jet-engine components. 

As was described in Section 
9-20, when a load sufficient to 
deform it detcctably is imposed 
upon a metal, the extent of 
its permanent deformation in- 
crei .es with the time under load. This is true as well of loads below the 
yiela strength, proportional limit, or apparent clastic limit, as of loads 


z 



Fic. 9-9. Typical Creep Curves for Com¬ 
pressive Loading (Curve 1) and Tensile 
Loading (Curve 2). 
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which immediately produce a significant amount of permanent strain. 
If the applied load is compressive, the strain that it produces increases 
the cross-sectional area of the stressed member. Under a constant 
load the increase in section continuously reduces true stress. This rein¬ 
forces strain hardening in resisting further deformation, so that the rate 
of strain diminishes rather rapidly and soon becomes negligibly small, 
as is indicated by curve 1 in Fig. 9-9. Actual fracture by creep does not 
occur in response to compressive loading, and the rate of creep decreases 
so rapidly that detectable permanent deformation soon ceases. Con¬ 
sequently creep in compression is a serious problem only when rather 
close dimensional tolerances must not be exceeded. 

In tension, on the other hand, strain is accompanied by a reduction 
in cross-sectional area that opposes the strengthening effect of strain 
hardening. Creep failures in tension are alarmingly common, and 
creep be*havior in tension is often a major consideration in machine 
and structural design. It is, therefore, principally with tensile creep that 
the metallurgist must be concerned, and only tensile creep will be 
considered directly in the discussions that follow. However, most of the 
observations and conclusions apply with equal force to creep in 
compression or in shear. 


9-23. The Creep Curve 

The typical creep curve for a metal loaded in tension has the trend 
illustrated by curve 2 in Fig. 9-9. From such a curve it is evident that 
continued permanent deformation of a metal subsequent to the original 

application of a static load can be described in terms of three distinct 
stages of creep. 

1. In the^rj/ stage of creep (the initial, primary, or diminishing-rate 
stage), extension of the specimen occurs at a relatively high rate, but 
the creep rate diminishes constantly because of the strain hardening of 
the metal.25 In this region the creep curve is nearly a parabola. 

2. As the rate of creep decreases to an essentially constant value, 
the metal enters the second stage of creep (the secondary, constant-rate, 
or steady-state stage). For the duration of the second stage, extension 
of the specimen continues at an approximately constant rate, either 
because strain hardening is almost exactly balanced by the reduction 
of cross-sectional area, or because the rate of resoftening (by recovery, 
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etc.) balances the rate of strain hardening, or because deformation 
occurs by a peculiar mechanism, discussed below, which is not directly 
affected by strain hardening, or because of complex interactions among 
all of these factors. In any case, the creep curve in this region approaches 
a straight line—evidently as an asymptotic approach from both sides 
to a point of inflection. 

3. In the third stage (the tertiary, increasing-rate, or final stage), 
creep accelerates continuously from the nearly constant rate typical of 
the second stage to final fracture of the metal. Acceleration of creep 
during the third stage results very largely from necking-down of the 
metal, and so occurs only when loading is tensile. However, the creep 
rate in this stage is actually much higher than can be accounted for by 
reduction of area alone, and this is true even when recrystallization does 
not occur to eliminate strain hardening. 26 Probably, therefore, the in¬ 
crease in creep rate during the third stage is the joint result of reduction 
of area and of acceleration of aspecial mechanism of permanentdeforma- 
tion that is importantonly in creep and is discussed below as viscous flow. 

The complete creep curve described above ordinarily appears only 
in tension, at low or moderate temperatures, and in response to loads 
that produce fracture in a moderate length of time (e.g., in a few days 
or weeks). One or another of the three stages of creep, and sometimes 
two of them, may be absent. Thus, in response to torsional or bending 
loads there is no necking-down of the specimen, and the third stage of 
creep does not ordinarily occur. In compression, only the first stage 
appears; the creep rate diminishes continuously until it is essentially 
zero. At temperatures high enough to eliminate strain hardening as 
rapidly as it occurs, the first and sc'^ond stages of creep are almost or 
totally absent, and tensile creep accelerates continuously to fracture. 
At moderately elevated temperatures when stress is low, the second 
stage of tensile creep often ends in fracture, with little evidence of a 
third stage. Several of these cases are considered in detail below. 

9-24. Effect of Magnitude of Load upon the Creep Curve 

If the static tensile load appUed to a specimen exceeds its yield 
strength, then extension to fracture ordinarily occurs within a few 
minutes or, at most, a few hours. Elongations as rapid as this arc not 
ordinarily considered to represent creep. In accordance wit^h the 
definition in Section 9-22, the term creep is generaUy reserved for the 

M D. Hinson, “The Creep of Meuli,” Ttans., 1929, pp. 15-57. 
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relatively slow deformations resulting from stresses below the yield 
strength. In any given case, creep may or may not terminate in fracture. 

Suppose that, for a given metal at some specific temperature, a 
nominal tensile stress of 10,000 psi is below the yield strength, but still 
sufficient to cause extension to fracture within a few days or weeks, 
according to some creep curve such as curve 1 in Fig. 9-10. Now if the 
initial stress is reduced from 10,000 psi to 8000 psi, deformation vs. 
time relations will be altered as 
indicated by curve 2; the trend 
of the creep curve will be similar 
to that of curve 1, but will show 
smaller extension as the load is 
first applied; lower rate, longer 
time, and less extensive deforma¬ 
tion during the first stage of 
creep; a lower constant rate of 
creep during the second stage, 
but longer duration and greater 
elongation; and considerably 
greater total time until the third 
stage of creep is entered and 
fracture finally occurs. A further 
reduction of initial stress to, say, 

6000 psi will continue this trend 
and give creep curve 3. The 
slight positive slope of the curve 
at 6000 hours suggests that the test was terminated while the specimen 
was in the second stage of creep, and that if it had been continued for 
a few thousand hours more the third stage might have been entered and 
fracture would have occurred soon thereafter. Reduction of the initial 
stress to perhaps 5000 psi will give creep curve 4; here it is uncertain 
whether even the first stage of creep was completed before the test 
was ended. The important feature of curve 4 is that the creep rate is so 
low that for all practical purposes it may be assumed that strain is 
constant after the first few days. 

9 -a 5 - Creep Strength, Creep Life, and Creep Limit 

The creep strength of a metal is usually defined as the limiting stress 
below which creep is so slow that it wiU not result in fracture within 



Timet Houes 

Fio. 9-10. Effects of Ma^itude of Static 
Load upon the Creep Behavior of a 
Typical Metal at a Given Temperature. 
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any finite length of time. In the above example, it appears that the 
creep strength of the metal at the temperature of the test is somewhere 
between 5000 and 6000 psi. £xtrapolation of curve 3 suggests that 
fracture would probably occur within a year or two at 6000 psi, whereas 
curve 4 is so nearly horizontal that the metal should serve indefinitely 
at 5000 psi without fracture. 

A design based on creep strength is often unduly conservative, since 
most machines and many structures are built for a limited life—some¬ 
times (e.g., jet engines) only a few hundreds or thousands of hours, 
and rarely more than about twenty years. Here the basis of design is 
sometimes creep life —time to fracture under a given static load—but 
more commonly it is an arbitrary creep limits defined as the maximum 
stress that will cause creep to occur at a rate not exceeding some 
previously assigned value. The rate measured in connection with creep 
limit is the constant rate that exists during second-stage creep, and the 
creep limit itself is, of course, always established on the basis of a rate 
of second-stage creep so low that neither fracture nor excessive deforma¬ 
tion will terminate usefulness of the part in advance of the expected 
service life of the assembly. 

Unfortunately, design for creep service on any basis is beset with 
difficulties, particularly when long life is expected. Creep data from 
extremely long tests are rare, and extrapolation of creep curves derived 
from short-time tests is extremely uncertain. 

9-26. Effect of Temperature upon the Creep Curve 

Permanent deformation of a metal by any mechanism takes time; 
it can be accelerated under constant load by any factor that reduces the 
inherent resistance of the metal to the deformation process or eliminates 
the obstructions to deformation that would normally develop within it. 
Independent of its other effects, a rise in temperature decreases the 
strength of the bonding forces that resist displacement of atoms, and so 
increases the rate at which deformation occurs under any given load. 
Therefore, even at temperatures so low that recovery, recrystallization, 
etc., need not be considered, with regard to its creep characteristics a 
rise in temperature of a metal under constant load is equivalent to an 
increase in load at constant temperature. The creep curves in Fig. 9-10 
might, then, be used as well to illustrate the effect of temperature 
variations upon the creep behavior of a metal under any given load. 
If curve 4 in Fig. 9-10 is the creep curve for a given metal at 5000 psi 
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and room temperature, curve 3 might apply at 300“ F. for the same static 
load, curve 2 at 500° F., and curve 1 at 600° F. At some still higher 
temperature (e.g., 800°) extension of the specimen might occur at an 
accelerating rate throughout the entire period of the test; only third-stage 
creep would take place, and the time to fracture would be very short. 

This general effect of a temperature rise is reinforced by several 
other factors whose interrelationships are somewhat complex but which 
work together to accelerate creep at the higher temperature. All of these 
factors are contingent upon the increase in diffusion rate that accom¬ 
panies an increase in temperature. 

The creep behavior typical of metals is obviously dependent upon 
their strainrhardening behavior. In the absence of strain hardening, 
initial application of a tensile load sufficient to permanently extend a 
metal at all would reduce its cross-sectional area in proportion, increase 
true stress, and so increase its rate of extension. Because of a continuous 
decrease in cross section, the rate of strain under constant load would 
increase continuously to fracture—and creep would be unknown. For¬ 
tunately, strain hardening does occur at any temperature. However, if it 
is subsequently eliminated by recovery, grain growth, recrystallization, 
or polymorphic transformation, then its effect is temporary; it retards 
extension of the metal, to an extent dependent upon the rate at which 
the strain hardening is removed, but it does not cause extension to cease. 
Moreover, the increase in diffusion rates that accompanies these pro¬ 
cesses accelerates the spontaneous relocation of atoms in response to exter¬ 
nal load, as was noted in Section 9-19, and so increases creep rates further. 

In general, then, an increase in temperature signihcantly reduces 
creep strength, creep life, and creep limit. The reduction in creep 
properties with rising temperature is continuous until recovery, grain 
growth, recrystallization, or polymorphic transformation begins, but 
then creep resistance drops suddenly and drastically—both because 
these processes eliminate strain hardening, and because there occurs a 
sudden increase in diffusion rates that accelerates deformation.Any 

27 An Gcception to this general behavior occasionally appears over a limited range of 
temperatures in the case of certain steels. Here a small increase in temperature may accelerate 
strain aging more than it opposes strain hardening, so that a slight reduction in creep rates 
results. At still higher temperatures, however, a further temperature rise begins to eliminate 
strain aging much as it does strain hardening, and thereafter temperature has iu normal effect 
on creep behavior. While it is of considerable theoretical interest, this phenomenon has little 
industrial significance with regard to creep. A further discussion of strain aging appears in 
Alley Series in P/ysual Metallurgy in connection with precipitation hardening, of which 
strain aging is evidently one manifesution. 
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other factor that increases diffusion rates has a similar effect upon creep 
rates; e.g., the existence of a supersaturated solid solution or of an 
unstable or metastable structure significantly reduces creep life. 


9-27. Mechanism of Permanent Deformation Daring Creep 

When deformation of a metal is relatively rapid and reasonably 
extensive, it occurs principally by slip and is accompanied by a normal 
amount of strain hardening and by the appearance of slip bands on 
previously polished metal surfaces. This is always the case during the 
first and third stages of creep; and as long as slip remains the major 
mechanism of metal deformation, the effect of a temperature rise upon 
creep behavior is easily explained in terms of the elimination of strain 
hardening by diffusion processes. 

In most industrial applications of the metals, creep can be tolerated 
at all only if the first stage is not extensive, if the constant rate of the 
second stage is very low, and if the third stage—leading to fracture- 
does not occur during the service life of the metal. In such an applica¬ 
tion, then, the initial application of the service load produces a limited 
amount of deformation by slip which continues at a diminishing rate 
until the first stage of creep is ended. During the rest of the service life 
of the metal it is (or should be) in the second stage of creep, in which 
deformation is very slow. Here it is usually observed that the deforma¬ 
tion mechanism changes; normal slip no longer occurs, and deforma¬ 
tion takes place either by viscous flow or by slipless floWy according to the 
temperature and the load imposed upon the metal. These additional 
mechanisms of permanent deformation were not discussed previously 
because they have no importance except when the deformation rate is 


very low—i.e., in creep. 

Viscous flow has also been identified as thermal flow and amorphous 
plasticity. Its result is grain-boundary creep. It closely resembles the plastic 
flow of a truly amorphous material such as glass or tar, and it occurs 
only in grain- 

remain essentially undeformed, but move around and past each other 
as rigid bodies to the extent that their irreg^ular shapes and interlocking 


boundary regions. The grains themselves apparently 


arrangements permit, much as particles of crushed rock can move 
relative to each other when they are embedded in a continuous matrix 
of asphalt. Viscous flow produces no visible change in the shape of 
individual crystals, and no slip bands on previously polished metal 
surfaces. It does produce a very slow permanent deformation of the 
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metal, which is always very limited in total extent and is accompanied 
by the visible elevation or depression of individual grains on free 
surfaces.28 The resulting pattern resembles orange-peel except that the 
grain as a whole is raised or lowered relative to the surface and there is 
little or no bulging or sinking of the center of the grain relative to its 

edges. 

The mechanism and major result of viscous flow are identical with 
those of recovery. It is accomplished by directed diffusion of individual 
atoms or small groups of atoms, in regions where the internal energy of 
the metal is exceptionally high, in a spontaneous effort to reduce 
distortional energy within the metal. Both processes are very slow. 
The two differ in that viscous flow occurs in grain-boundary regions to 
reduce the stresses developed locally by external loading, whereas 
recovery occurs principally within the grains themselves to eliminate 
residual stresses developed by previous mechanical deformation. 

Like recovery, viscous flow is unimportant at low temperatures but 
is continuously accelerated by a temperature rise. However, it is still so 
slow even at rather high temperatures that its effects are not evident 
when slip, a far more rapid deformation process, is also possible. On 
the other hand, viscous flow can and does occur in response to external 
loads too small to produce slip. Therefore, viscous flow is the principal 
mechanism in very slow second-stage creep when loads are light and 
temperatures arc high. As is noted in a further discussion in Chapter 10, 
viscous flow may eventually result in the formation and spreading of 
fine intercrystalline cracks which ultimately lead to intergranular 
fracture at surprisingly low load and with very little permanent deforma¬ 
tion in advance of fracture.29 In this case the third stage of creep is 
absent, since creep fracture terminates the second stage. 

In any metal that has been appreciably strain hardened, recovery is 
simultaneous with viscous flow. Therefore, if the applied load is suf¬ 
ficient so that the first stage of creep is extensive, recover)’ during the 
second stage progressively eliminates some of the strain hardening 
initially present, and permits additional slip to occur. This of course 
accelerates creep during the second stage, continuously changes the 
shape of individual grains, and produces visible slip bands on polished 
free surfaces of the metal. However, when these effects are noted, the 

M C. Cniuard, “Creep and Fatigue as Affected by Grain Boundaries,” Mttal Treatment, 
Autumn, 1947, pp. 149-160. 

29 D. Hanson, op. cit. 
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rate of second-stage creep is usually too high to be acceptable in 
industrial machines and structures. 

Somewhere between the extremes of relatively rapid second-stage 
creep produced chiefly by normal slip, and extremely slow second- 
stage creep produced by viscous flow alone, are the creep rates that 
are usually of industrial interest—low enough to be tolerated, but 
produced by loads high enough to be useful. In this region of creep 
rates, second-stage creep seems to occur principally by a mechanism 
called slipless Jlow,^^ which probably involves both viscous flow and 
recovery and also, in spite of its name, seems to involve slip. 

Slipless flow is characterized by a complete absence of slip bands on 
previously polished free metal surfaces, suggesting that slip has not 
occurred. However, Hanson has found that it produces changes in 
the shape of individual crystals identical with those that would result 
from normal slip, and that it is accompanied by strain hardening which, 
in some cases at least, is actually greater than that resulting from an 
equivalent amount of slip of the type that produces slip bands. Only 
slip is known to produce strain hardening, and so it appears that slipless 
flow must actually involve slip. Evidently in this case either slip is less 
extensive on a greater number of active planes, or else the active planes 
occur individually rather than in clusters, so that visible slip bands do 
not appear. To some extent this behavior must be facilitated by 
recovery in each grain, which eliminates strain hardening and makes 
additional slip possible. However, the major factor in allowing slipless 
flow to occur is probably viscous flow at the grain boundaries. 

When previously polished specimens having mixed grain sizes are 
deformed very slowly at moderately elevated temperatures, it is fre¬ 
quently observed that all the crystals present show generally similar 
changes in shape, but that slip bands develop only on the larger 
crystals.Evidently coarse grain size favors normal slip, and fine grain 
size favors slipless flow. This suggests that grain boundaries strongly 
influence the creep mechanism. Since a major part of the resistance to 
slip offered by any polycrystalline metal results from the existence in it 
of distorted grain-boundary layers, it is reasonable that this should be 
true. It seems probable that slipless flow is the result of viscous flow 
in highly stressed grain-boundary regions, which relaxes stress there 
enough to permit a limited amount of slip to occur in adjacent grains. 

30 D. Hanson, op. cit. 

31 Ihid. 

32 Ibid. 
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Grain boundaries are relatively thin layers, and, according to calcula¬ 
tions by Crussard,^3 the regions affected by viscous flow are of the order 
of only 30 atoms thick. Yielding of the grain boundary by viscous flow 
would, then, permit only very limited displacement along each slip 
plane which consequently became active—far too limited to produce 
visible slip bands.^^ Since viscous flow itself is very slow, the resulting 
deformation of the metal would be slow, in spite of the fact that it 
occurred by slip. Eventually, however, enough slip planes would 
become active so that a relatively great total deformation would be 
produced by slip on so many different planes that an abnormally high 
degree of strain hardening might result (if strain hardening were not 
promptly eliminated by recovery). Viscous flow itself does not produce 
strain hardening and is not retarded by it. It may, in fact, be somewhat 
accelerated by the increased diffusion rate that accompanies storage of 
strain-hardening energy in the vicinity of grain boundaries. This would 
tend to compensate for increased slip resistance from strain hardening 
within the grains, and so to maintain the essentially constant rate of 
second-stage creep actually observed while slipless flow is occurring. 
Hence, interaction between viscous flow and slip seems to explain quite 
satisfactorily the known facts of creep by slipless flow. 

To summarize concerning creep mechanisms ; 

1. When deformation rate is relatively high—e.g., in tensile testing, 
in the first and third stages of creep, and even in the second stage of 
creep when it is relatively rapid—deformation is accomplished princi¬ 
pally by normal slip. Twinning may also occur, but its direct contribu¬ 
tion to permanent deformation is minor. Accelerated diffusion as the 
result of a temperature rise, recrystallization, etc., notably accelerates 
creep by normal slip. 

2. When deformation is less rapid—during the second stage of 
creep at rates that are acceptable in most industrial applications—creep 
occurs principally by slipless flow, which probably involves the inter¬ 
action of viscous flow with slip. Slipless flow is favored by relatively high 
temperature, relatively light loads, and fine grain size. It is the usual 
mechanism of creep in service where design is based upon an arbitrary 
creep limit or a limited creep life, so that the creep rate is low but 
readily observable. 

C. Crussard» op. di. 

^ In (erms of the theory of dislocations, it might be assumed that viscous flow creates 
dislocations at the grain boundaries, which then migrate across the adjacent crystals to 
produce slip. 
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3. When deformation is very slow—in the second stage of creep at 
very low rates—creep occurs principally or entirely as grain-boundary 
creep, the mechanism of which is viscous flow at the grain boundaries, 
with little or no deformation of the grains themselves. This is the usual 
mechanism of creep if design is based upon creep strength, so that the 
rate of second-stage creep is almost zero. 

9-28. Selection of Metals for Creep Service 

The creep mechanism is sufficiently complex so that no direct 
correlations have been established between the creep behavior of any 
given metal and its other mechanical characteristics—tensile and yield 
strength, hardness, plasticity, rate of strain hardening, etc. Creep 
properties therefore are necessarily determined experimentally, either 
in actual service or through long-time tests under static loads at constant 
temperatures. Unfortunately, extrapolation of the curves derived from 
short-time tests have not proved reliable; if the test period is less than 
about 1000 hours the data are not considered significant with regard to 
creep behavior. The period required for a reliable creep test is usually 
months or years, which makes the accumulation of data very slow and 
extremely expensive. As a result, not many creep data are available to 
the engineer or metallurgist, and design and material selection for 
creep service are frequently based on trial and error, plus a large factor 
of safety. As a preliminary guide to the intelligent selection of metals for 
creep service in order to minimize the error part of the design cycle, a 
few basic principles can be formulated. 

1. So far as possible, no metal should be put into service at a 
temperature . exceeding or even closely approaching its minimum 
recrystallization temperature. Recrystallization accelerates creep very 
markedly, and at slightly lower temperatures recovery and viscous flow 
accelerate it significantly. As a rough preliminary indication of its 
creep behavior at a given temperature, the minimum recrystallization 
temperature of a metal may therefore be used. On this basis the common 
engineering metak may be divided into three reasonably distinct groups. 

Tin, lead, cadmium, zinc, and many of their alloys recrystalhze at 
room temperature after extensive permanent deformation. Therefore 
their creep rates are high even at room temperature and under rela¬ 
tively light loads, and they may actually creep to fracture at zero Iwd, 
i.e., under only their own weight. For example, lead pipe and tubing, 
which are widely used in the chemical industries, must be very carefully 
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instaUcd Over a period of months they sag badly between supports 
under their own weight, and they will faU in a surprisingly short time 
if the supports arc too widely spaced. At elevated temperatures, such 

metals as these are useless in creep service. 

Aluminum, copper, magnesium, silver, gold, and many of their 

alloys have minimum recrystallization temperatures of the order of 
200“ to 500“ F. At atmospheric temperatures these metals resist creep 
well under light to moderate loads, but creep to fracture at appreciable 
rates under loads approaching their yield strengths. At even slightly 
elevated temperatures—say 200“ to 400“ F.—their creep properties 
are reduced so seriously that they are useful only under very light 
loads, and at higher temperatures they cannot long support even their 

own weights. . 

Iron, nickel, tungsten, molybdenum, tantalum, and most of their 

alloys have relatively high minimum rccrystallization temperatures. 
At room temperatures they resist creep well, even under loads approach¬ 
ing their ultimate strengths, and they are usefully resistant to creep under 
moderate to high stress at temperatures of several hundred degrees 
Fahrenheit. Thus, in iron and the plain-carbon steels, creep is not a 
serious problem at temperatures below about 650“ F.; and, as is noted 
below, this temperature can be raised considerably by certain alloying 
additions. These and other high-melting metals and their alloys arc, 
then, the ones to be considered first for applications involving creep 
under heavy loads at high temperatures. 

2. Polymorphic transformation accelerates creep in much the 
same way as does recrystallization, but often to a still greater degree. 
Therefore, no metal should be put into creep service in a temperature 
range where polymorphic transformation may occur, nor, if it can be 
avoided, should it be heated or cooled through such a temperature 
range while it is under load. This is primarily of importance in connec¬ 
tion with the ordinary engineering steels which, during heating, pass 
through the alpha-to-gamma transformation at ten^peratures usually 
between about 1300“ F. and about 1700“ F., but in some compositions 
at temperatures considerably lower than these. 

3. The more nearly pure a metal, in general, the lower the tempera¬ 
ture at which recovery, recrystalUzation, and grain growth occur at an 
appreciable rate in it. Impurities and alloying elements in solid solution 
seem generally to retard diffusion and ordinarily improve creep 
properties. Usually (but not always) the jnaximum improvement 
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results from a high-melting alloying element in substitutional solid 
solution. 

Largely by trial and error, the following elements and combinations 
of elements have been found outstandingly effective in improving the 
creep properties of the metals listed 

For iron and steel: tungsten, molybdenum, nickel, chromium, and 
vanadium.37 In general these elements are more effective when 
present in the gamma form of iron (austenite) than in the alpha 
form (ferrite). A typical addition to improve creep properties is 
0.5% Mo, now commonly used in low-carbon steels for still tubes, 
piping, etc., in oil-refinery service.38 The ausUnitic stainless sUels 
(e.g., the “ 18 and 8” type, nominally containing 18% Cr, 8% Ni) 
do not undergo the gamma-to-alpha transformation under any 
normal conditions, but remain in the gamma form at all tempera¬ 
tures up to the melting point. In conjunction with their high alloy 
content, avoidance of the polymorphic transformation notably 
improves their creep properties. Tht ferritic stainless steels or stainless 
irons (e.g., the low-carbon grade containing 16% to 18% Cr) 
remain in the alpha form at all temperatures and so are also useful 
in many creep applications, although they are less highly regarded 
than the austenitic grades. Unfortunately, carbon itself does not 
significantly improve the creep properties of steel; this seems usually 
to be true of alloying elements that are dissolved interstitially. 

For nickel: chromium. 

For copper: nickel plus either silicon, chromium, cobalt, or beryllium. 

For aluminum: copper, nickel, or magnesium. 

For lead and lead alloys: calcium or copper. 

For tin and tin alloys: antimony plus cadmium (which may raise 
the room-temperature creep limit by as much as 2000%). 

For zinc and zinc alloys: magnesium or copper. (A typical addition 
is either 0.01% Mg or 1.0% Cu.) 

4. When a specific metal or alloy has been selected for a given 
application in creep service, its creep behavior may still vary con- 

35 G» Sachs and K. R. Van Horn, op. a/. 

3^ This list is based tamely on information given by Sachs and Van Horn, op* cit* 

37 R. H. Heyer, EngUimiHg Pkfsical MtialUrgy, New York, D. Van Nostrand Co., Inc., 

1939. 

3» About 5% Cr is also usually present in these steels, but principally for improved 
corrosion resistance. 
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siderably according to its internal condition when it is installed. Any 
instability in structure at the service temperature favors diffusion to 
return the metal to the stable condition, and so tends to accelerate 
creep. In general, therefore, a metal should be put into creep service 
with relatively coarse grain size, be essentially free of residual stress and 
energy stored by cold working, and be in as nearly homogeneous a 
condition as possible. Castings are usually more resistant to creep than 
wrought metals are, especially at temperatures near the melting point, 
and are very popular where the ultimate in creep resistance is required 

_e.g., in the highly alloyed stainless and heat-resisting steels recently 

developed for very high temperature applications. However, even 
castings should preferably be given a careful homogenizing anneal 
before they are put in service, and wrought metals should usually be 
given a rather long anneal at some temperature well above the expected 
service temperature, for maximum stability under load. There are some 
exceptions to this generalization in the case of low-temperature creep 
applications, as is noted below. 

5. When the service temperature is so low that recovery does not 
occur at an appreciable rate, strain hardening permanently increases 
resistance to permanent deformation and permanently reduces creep 
rates. Therefore, up to some rather definite temperature that is typical 
of the metal in question, previous cold working improves creep 
properties; at higher temperatures it seriously reduces them. For 
example, at room temperature, strain-hardened lead has much lower 
creep strength than annealed lead, whereas cold-worked aluminum 
alloys have considerably higher room-temperature creep strength 
than they have when annealed or hot worked. At 500° F., however, 
hot-worked or annealed aluminum alloy resists creep better than cold- 
worked ones. 

6. Similarly, the additional slip resistance provided by fine grain 
size permanently increases creep resistance when service temperatures 
are low enough so that viscous flow or grain growth does not occur at a 
significant rate. Therefore,'for creep service at any temperature below 
some critical value typical of the metal in question, a fine grain size is 
preferred; at higher temperatures, creep properties are better when 
the grain size is coarse. However, even at the highest temperatures 
there is an upper limit to the grain size desirable when metal sections 
arc thin. If individual grains are so large that a single grain occupies 
the enure cross section of the metal, then slip resistance is notably 
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reduced within the grain, which favore rapid extension of the metal and 
final transcrystalline fracture. In addition, grain boundaries continuous 
across the section and by chance approximately normal to the tension 
axis are likely to lead to rather rapid intercrystalline fracture as a result 
of viscous flow. For example, in tungsten wire for lamp filaments, the 
best creep resisunce is obtained when the grain size is relatively coarse 
but still fine enough so that two or more parallel elongated grains occupy 
any given cross section of the wire.39 The additional grain growth that 
would enlarge individual crystals so they would occupy the entire cross 
section is prevented by the rather elaborate scheme described in 
Section 9-5. 



G. Sachs and K. R. Van Horn, op. at. 
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Fracture 


Unless its service life has previously been terminated by loss of 
section through wear or corrosion, by excessive permanent deforma¬ 
tion, or by obsolescence, the usefulness of a metal usually ends when 
it fractures or when it develops macroscopically detectable cracks 
indicating that fracture is imminent. Failure by cracking or fracture is 
often premature—as early, indeed, as the forming and heat-treating 
operations involved in the manufacture of metal shapes and parts— 
and even if not actually disastrous, such failures are at least always 
expensive. Trouble-shooting in the fields of metal selection, design, 
forming and fabrication, and service failures is an important part of 
the metallurgist’s professional duties—economically and socially, often 
the most important part. Some understanding of the physical and 
metallurgical bases of cracking and fracture is correspondingly important 
to him. 

10-1. Type of Force Required to Produce Cracking 

The general physical nature of a crack is unfortunately well known. 
A crack is a limited region within an otherwise sound metal section in 
which there has occurred a sufficient separation between adjacent 
groups or layers of atoms (or molecules) so that the bonding forces 
between them have been broken and two new surfaces formed, which 
are adjacent but between which cohesion has been destroyed. A fracture 
is a generally similar region in which cohesion has been lost, but so 
located and so large that one part of an originally continuous section 
has become physically detached from the rest. 

It has been demonstrated repeatedly and conclusively that fracture 
of a plastic metal does not occur instantaneously. Rather, it occurs 
progressively, usually through the formation and propagation of a 
crack that grows across the metal section during some finite and 
measurable period of time. The rate of propagation of the crack is 
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sometimes very high, and velocities as great as 6600 feet per second 
have been measured for brittle impact fractures in steel.* However, in 
ductile impact fractures—those accompanied by a detectable amount 
of permanent deformation adjacent to the fracture—the crack advances 
at only about 20 feet per second,2 and even this is relatively high for 
crack propagation. In any case, fracture usually begins with the forma¬ 
tion of a small crack, which then extends spontaneously until complete 
separation has occurred. 

As it first forms, the small crack that ultimately leads to fracture 
must be almost or entirely surrounded by sound metal. If this metal is 
capable of slip or twinning in response to an applied shearing load, 
then shear will produce permanent deformation of the metal—but it 
cannot produce the separation of atoms required to form or propagate 
the crack. Pure compression can produce neither permanent deforma¬ 
tion nor cracking, but elastic deformation only. Evidently the loss of 
cohesion involved in the formation and extension of a crack can result 
only from normal separation of the layers of atoms on opposite surfaces 
of the crack, and this can be produced only by tension along an axis 
normal to these surfaces. 

It seems necessary to conclude that all cracks originate in tension 
across the plane of initial separation and are propagated by tension 
across the path along which the crack extends. This conclusion is well 
supported by experimental evidence as well as by consideration of 
the deformation behavior of metals. Thus, cracks seem always to 
appear and to spread along a plane that is at least approximately 
normal to the axis along which tension is maximum at the instant of 
separation. This is true even when loads are shearing or compressive, 
so that the tension for cracking must be resolved or developed by 
nonhomogeneous deformation of the section. In bending, cracking 
occurs in the tension side of the member; in compression, it occurs 
where tension has been created by buckling or barreling; in torsion, 
cracks tend to follow planes normal to the axis of the maximum 
resolved tensile stress, which is at 45® to the shearing plane developed 
by torsion. Further, when a multitude of cracks is originally present, 
the “dangerous” crack that eventually spreads to fracture is always 

1 D. J. McAdam, Jr., “The Fracture Stress of Metals as Affected by Plastic Deformation, 
the Stress System, and Size," Cold Working of Metals, Cleveland, American Society for Meuis, 

2 oflrwin, “Fracture Dynamics,” Fracturing of Metals, Cleveland, American Society for 
Metals, 1949, pp. 147-166. 
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one that is approximately normal to the axis of the prevailing tensile 
stress.^ 

While shear cracks have frequently been mentioned in the literature 
of failure analysis, the author has encountered no case in which it could 
3 e demonstrated that the cracking of a plastic metal actually occurred in 
shear. When the stress pattern existing at the moment of cracking could 
be evaluated, tension normal to the crack has always been found to exist. 

10-2. Shear Fractures 

In spite of the fact that cracking seems never to occur in shear, 
fracturing in shear is reasonably common. Shear fractures do not result 
from the formation and extension of a crack, but rather from essentially 
instantaneous separation along an entire fracture plane if the material is 
brittle, or from abnormally extensive slip if it is plastic. Several general 
cases of shear fracture are of interest to the metallurgist. 

1. In crystals formed by ionic or covalent bonding, the attractive 
forces between adjacent atoms are so strongly directional that even a 
rather limited lateral displacement of adjacent planes of atoms usually 
destroys cohesion between them. Among natural minerals and inorganic 
salts, therefore, shearing fractures arc easily produced; in this case, 
fracture is completely brittle, unaccompanied by cracking in any 
ordinary sense of that word, and nearly if not truly instantaneous. This 
type of behavior is also exhibited by many brittle intermetallic com¬ 
pounds. Thus, in a number of cases, the crack that has extended to 
fracture in a steel has been found to originate in the shear fracture of an 
Fe 3 C platelet, this local fracture then being propagated through the 
a-steel matrix in tension as a microcrack—at some angle to the plane 
of shear fracture in the Fe 3 C. Presumably the shear fracture itself 
results from inability of a thin Fe 3 C platelet to deform in accordance 
with slip in the «-steel matrix in which it is contained, this concentrating 
the shearing load on the brittle Fe 3 C. Fracture stress in steel is inti¬ 
mately related to the size, shape, and distribution of Fe 3 G particles, 
and it may well be that this is the basic sequence of events during 
fracture in most ordinary steels. In any case, the principal object of 
most heat-treating operations on medium- and high-carbon steels is to 
control the structural relations between Fe 3 C and the a-steel matrix in 
which it is contained. 

* E. F. Poncelet, “A Theory of Static Fatigue for Brittle Solids,” Fraeturing of MtlaU, 
Cleveland, American Society for Metals, 1949, pp. 201-227. 
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2. In crystals in which the metallic bond predominates, the linear 
separation of atoms that accompanies lateral displacement in shear is 
not sufficient seriously to weaken the bonding attraction between 
them. Cohesion is maintained, and the result of intense shearing loads 
is slip or twinning, but not cracking. However, if slip on one plane or 
one cluster of planes is sufficiently extensive, it will eventually cause one 
crystal segment to move completely past and free of the rest of the 
crystal, as a playing card might slip off the top of the deck. This 
produces a true shear fracture of the metal, and does so without the 
formation or extension of a crack. Slip extensive enough to lead directly 
to fracture is fortunately very rare, but there are several cases in which 
it can occur. Thus, in large, isolated single crystals, any given slip 
plane passes entirely through the crystal and intersects free surfaces at 
its faces. Here there is no external interference with extensive offsetting 
of adjacent crystal segments, and shear fractures are common—e.g., in 
tensile testing of large single crystals. The resulting fracture surfaces 
are very smooth and leave a sharp knife edge where they intersect a 
free surface of the original specimen.^ 

3. Because of the restraints imposed by its variously oriented 
neighbors, any individual crystal within a polycrystalline metal is 
usually incapable of slip extensive enough to create a shear fracture. 
However, the thinner the metal section, the larger the average grain 
size, and the more nearly parallel the orientations of adjacent grains, 
the less effective the restraint. Thus, when preferred orientation has 
been well developed by mechanical working or annealing, the properties 
of the metal approach those of a single crystal, and shear fractures again 
become common. They are also common in thin wires and sheets and 
thin-walled tubing, where the grain diameter approaches the thickness 
of the section and preferred orientation is often evident. The tensile 
test on a ductile metal terminates in shear fracture through the thin 
section that remains between a centrally located tension crack (dis¬ 
cussed below) and the external surface of the necked-down portion of 

♦ Since they are produced by abnormally extensive slip on definite crystallographic planes, 
fracture surfaces produced by shear in a plastic metal are notably flat and smooth, in contrast 
to the roughly granular appearance typical of tensile fractures. Both in appearance and in 
crystallographic nature they resemble the well-developed cleavage surfaces of certain natura 
minerals; hence shear fractures in metals have frequently been identified as cleava^ 
fractures. The term is graphic and appropriate, but unfortunately it has also ^n 
rather widely to denote britUe fractures in general, whether rough or smooth and whether 
produced in tension or in shear. To avoid confusion from this other usage, the term cleavage 
fracture” will not be used in later discussions. 
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the bar. The result is the familiar cup-cone fracture, in which the 
fracture surfaces produced by shear are at very nearly 45® to the axis of 
the bar, while the tension crack is approximately normal to it. 

4. In relatively rapid creep failures of plastic metals at relatively 
high temperatures, recrystallization accompanies deformation, and 
eliminates strain hardening as rapidly as it appears. The load required 
for continued deformation by slip is kept below that required for tensile 
separation, and abnormally great extension of the metal results. 
Repetition of the cycle of deformation and recrystallization continues 
until the cross section of the specimen has been reduced to one or a 
few crystals, which often show a pronounced preferred orientation. 
Finally the thin remaining section fails suddenly in shear, to pro¬ 
duce a point or knife-edge fracture. In lead this occurs at room 
temperature; in most other metals, only at considerably elevated tem¬ 
peratures. 

5. When the design or loading is such that the tension resolved 
from shearing loads or developed by nonhomogeneous strain in com¬ 
pression remains low or is effectively resisted, brittle shear fractures may 
occur even in large polycrystalline metal sections at atmospheric 
temperatures. Thus, in punching operations on metal sheets, confine¬ 
ment of the metal by the punch-and-die assembly restricts the effective 
stress to a narrow ring of metal within which shear (normal to the 
plane x)f the sheet) is intense, and resolved tension (at 45® to this plane) 
is resisted by the press as well as the sheet. If clearances are small 
between punch and die and the sheet is not very thick, the resulting 
fracture is of the true shear type, and there is no burr on the punched 
sheet or on the punching itself. A similar effect occurs in the shear 
fracture of metal shafts that are short relative to their diameter and are 
loaded in torsion; in longer shafts, fracture seems always to result either 
from the tension resolved from shear or—more commonly—from 
tension developed by bending. 

6. Certain impure metals and many heterogeneous alloys contain 
continuous or semicontinuous layers of some brittle constituent that 
prevents slip in the plastic crystals present, even when the latter pre¬ 
dominate in the structure. Such a material is often as brittle as one 
formed entirely by ionic or covalent bonding, and as susceptible to 
shear fracture. The best-known example of this type is shear fracture of 
ordinary cast irons tested to destruction in compression. In this case, 
however, the fracture surfaces produced are quite rough in appearance, 
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since they tend to follow the brittle constituent rather than the slip 
planes of the metallic ciy’stals. 

7. It is generally agreed that impact loading favors fracture in 
shear,5 and certainly shear fractures are common in projectiles® and 
in bombs as a result either of impact compression when they strike 
their targets or of detonation of a contained explosive charge. It is not 
clear, however, whether this effect is common to all plastic metals or 
whether it is peculiar to steels, in which it has frequently been observed. 
If it is common to all metals, then this may be taken simply as evidence 
that slip—even when it is abnormally extensive—is inherendy a faster 
process than crack propagation. If it occurs only in steels, then it is 
probably associated with the yield-point phenomenon discussed in 
Alloy Series in Physical Metallurgy 

In a number of well-knowm cases, then, shear fractures can and do 
occur in metallic materials. Far more commonly among metals, 
however, fractiu'e occurs in tension, through formation of a tension 
crack that then—still in tension—extends to fracture. It is proper to 
consider that the tensile type of fracture is the one that is typical of 
plastic metals, and it is important to realize that whenever cracking 
precedes fracture, the crack is always the result of tension (direct or 
resolved) along an axis which is normal to the plane of the crack. Shear 
fractures do not involve cracking. 

io-3« Energy Relations in Cracking; Inherent Strength of 
Crystals 

A crack appears in a metal as a spontaneous means of local stress 
relief. It can form or spread only when, by doing so, it accomplishes 
a reduction in free energy’ within the metal. The energy reduction is 
brought about by the elastic springing apart of opposite surfaces of 
the newly formed crack to dissipate the energy of elastic distortion 
present in adjacent regions. It is opposed by the increment of surface 
energy represented by the two newly created free surfaces of the crack- 
Evidendy a crack can form only when the elastic deformation locally 
is so severe that the distortional energy released by its appearance 
exceeds the surface eneigy created in forming the crack, and the crack 
can spread only when a similar situation exists or is created at its edges. 

5 C. Zener and J. H. HoUomon, “Plastic Flow and Rupture of Metals,” Traar., ASJi., 

1944, pp. 163-212. ^ 

6 C. Zener, “The Micro-Mechanism of Fracture, Fracticn^ Mods, Uevdand, 

American Society for Metab, 1949, pp. 3-31. 
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There is, then, a certain cnacai Level of stress that must be exceeded 
in order to initiate or propagate cracking in anv given cr/stai. This 
cnacai stress varies wideiv with temperature, with the composidon and 
structure of the cr/stal. and with the pameuiar cr/stailographic plane 
considered. Metal ervstais are as strongiv anisotropic in resistance to 
tensile separaaon as chev are in resistance to slip: however, the planes 
of easy fracture are osuailv the same as the planes of easv slip, smee 
these are the planes withm which the bonding attraction is strongest 
and between which the bonding attraction is Least. Therefore it is proper 
to consider that, at anv given temperature, a metallic cr^’stai of any 
gjven composinon and structure has a certain aacurai resistance to 
cracking. This can be quandned as us innerent fracture urengih. and 
represents the true normal stress required to cause tensiie separadon to 
occur between the crvstallographic planes along which it occurs most 
readily. 

10-4. Frmctnre Strengths of Polycrystailme Metals 

The true stress required to imuate cracking in a poivcrvatailine 
metal is basicailv dependent upon the inherent lia.cnire strengths 01 the 
crystals that compose it. However, the fracture strength of the aggre¬ 
gate is not usuailv the same as that of a single crystal, for several reasons. 

1, .Vo metai is perfeedy homogeneous. Even if tensiie stress were iacil 
compieieiv homogeneous, there would necessanlv exist within the 
metal some weakest plane along which resistance to tensile separaaon 
is at a minimum, and here cracking would begin at reiadveiv Low 
stress. In on afasoluteiv pure metal the weakest plane might be one 
affected bv the existence of a void, a mosaic boundarv. or some other 
structural defect. In an impure metai or a heterogeneous aiiov, it might 
be a plane in some reiadvciy weak type of crystal present in minor 
amounts, or at the interfaces between such crystals and other tvpes of 
crystals also present. This effect is evident, to use an extreme example, 
in hot-short metals at high temperatures where the melting of thin 
intergranular layers of a minor constituent reduces the tracture strength 
within those layers very nearly to zero. A generally siinilar effect is 
likely CO occur at atmospheric temperatures whenever nonmetallic or 
metallic inclusions are present or heterogeneity of anv other type is 
detectable. It is usually most serious when inclusions exist as continuous 
intergranular dims. 

2 . Cracks rngy angpnate and extend at the gram boundanes instead of 
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through the grains. The typical fracture of a metal is transcrystalline~i.t., 
across the individual grains—and is the result of the formation and 
extension of a tensile crack along a specific crystallographic plane 
However, in creep service intercrystalline fractures—It., fractures along 
the boundaries between individual crystab—occasionally occur. These 
are the end result of viscous flow at the grain boundaries, and so are 
favored by high temperature and a low rate of strain. When fracture b 
intercrystalline, the stress required to produce it is obviously less than 
the inherent fracture strength of the grains themselves; if it were not, 
the fracture would have been transcrystalline instead.’ 

Hanson’s work^ seems to have established that the intergranular 
cracks that ultimately extend to intercrystalline fracture actually 
originate during slow second-stage (constant-rate) creep. Undoubtedly 
they appear first in grain-boundary regions where the tensile stress is 
abnormally high—perhaps where stress concentration results from the 
interlocking of irregularly shaped grains so that their movement past 
each other in grain-boundary creep is prevented mechanically. High 
distortional energy superimposed upon the disturbance always present 
at a grain boundary accelerates diffusion locally, and creates voids that 
account for a very slight but observable reduction in density during 
slow second-stage creep, as well as a small increment of slow extension 
of the specimen. The voids, produced at a multitude of points within 
the metal, extend slowly by a diffusion process into intergranular 
cracks which grow until they meet. During the second stage of creep 
the cracks are so limited in area that they do not appreciably reduce 
either the strength or the ductility properties of the metal as these are 
measured by an ordinary tensile test;^ i.e., the formation and extension 
of intergranular cracks are substantially independent of the processes of 

7 The concept of an equicohesive temperature was at one time given a great deal of 
attention in connection with the amorphous-cement hypothesis previously mentioned. The 
equicohesive temperature is (he temperature at which the grain boundaries and the grains 
themselves appear to be equally strong, so that the fracture path is partly transcrystalline and 
partly intercrystalline. As might be expected from the nature of the viscous flow process that 
leads to intergranular fracture, the equicohesive temperature in any given metal varies 
widely with rate of strain. Thus, in commercially pure alpha-iron the equicohesive temj)era- 
ture is usually stated to be 850° F.; this implies that below 850° fracture is always trans¬ 
crystalline and above that temperature always intercrystalline. Actually, intcrcrystalline 
fracture has often been observed as the result of slow second-stage creep at tcmperaiuro as 
low as 750* F., and even moderate rates of strain often produce transcrystalline fracture at 
temperatures as high as 950° F. (See H. C. Carpenter and J. M. Robertson, Metals, New 
York, Oxford Univenity Press, 1939.) 

8 D. Hanson,‘‘The Creep of Metals,” Trans., 1939, pp. 15-57. 

9 Ibid. 
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normal slip and transcrystalline fracture. Eventually, however, inter¬ 
granular cracks grow and meet, and result in a loss of cohesion across an 
appreciable fraction of the metal section. If the rate of strain is very 
luw the end result is true intercr>'stalline fracture in which the rounded 
or polyhedral grains loosen and pull apart at their contacts with each 
other, with little or no deformation of the grains themselves and very 
little elongation of the metal as a whole. More commonly, after inter¬ 
granular cracking has become extensive, true stress in the remaining 
sound section rises to the point where slip becomes possible in some of 
the grains that remain. The metal then enters a third stage of creep 
which ends in transcrystalline fracture of these grains. The result is a 
fracture that is partly intercrystalline and partly transcrystalline. If 
the rate of strain was low, intergranular separation predominates; if it 
was higher, transcrystalline fracture predominates. 

Because of the disarrangement of atoms typical of a grain boundary, 
it would be expected that its inherent resistance to tensile separation 
would be greater than that of regular planes within adjacent crystals. 
Normally this is true, and most fractures are transcrystalline. However, 
distortional energy at the boundary and thermal energy from a 
temperature rise effectively reduce the mechanical energy required to 
produce tensile separation, and allow a crack to form and extend 
through a grain boundary by a diffusion process at a lower stress than 
is required for the forcible mechanical separation that produces trans- 
crystalline cracking. The result is intergranular fracture of a homo¬ 
geneous polycrystalline metal under loads smaller than would be 
predicted from the inherent fracture strength of single crystals, but 
only when the strain rate is so low and the diffusion rates arc so high 
that deformation is principally by viscous flow. 

3. Stress is never homogeneous. For several reasons, an absolutely 
uniform distribution of stress across any given metal section is so 
unlikely as to appear impossible of experimental attainment in metal 
sections of observable size. Therefore, even when the nominal stress is 
relatively low, intense local concentrations of stress may initiate 
cracking, and the cracks themselves may then maintain or even intensify 
the stress concentrations. The result is cracking and fracture under 
unexpectedly low external loads. 

The stress condition produced within a metal by external loading is 
never simple, and sometimes it is quite unpredictable. Thus, in the first 
stages of a tensile test on a symmetrical standard tension bar, it is 
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usually supposed that the stress condition is homogeneous uniaxial 
tension. Actually, confinement of the bar at its circumference along 
each end results in a complex pattern of tension, compression, and 
shear in the vicinity of the loading grips and, toward the center of 
length of the bar, produces higher tensile stress near the surface of the 
section than along its axis. However, this stress distribution persists 
only so long as extension of the bar is elastic. Permanent deformation 
begins first in the surface layers, where stress is highest and slip is least 
restricted by the influence of grain boundaries and randomly oriented 
adjacent grains. Extension of each element of metal in the surface layers 
tends to reduce its cross section. This reduction in section is resisted by 
inner layers of the metal not yet elongated to the same extent. One result 
is that greater extension of the surface layers in response to nonhomo- 
geneous longitudinal tension develops radial tension in the bar, which 
increases from zero at its surface to a maximum at its axis. Radial 
tension tends to increase the diameter of the bar and to shorten its 
length, and of course has its maximum effect at the axis of the bar. 
But local shortening of the bar at its axis is resisted by the layers nearer 
the surface, where radial tension is less, and so the radial stress pattern 
produces an increment of longitudinal tension which is maximum along 
the axis of the bar and diminishes to zero at its surface. When perma¬ 
nent extension has reduced the longitudinal tension developed by the 
external load to an essentially constant value across the section of the 
bar, the longitudinal tension developed by radial stresses reverses 
the stress pattern previously present during elastic extension, ^^ow the 
total longitudinal tension is maximum along the axis of the bar, and 
minimum at its surface. Thereafter, and for as long as permanent 
deformation continues, this stress distribution is maintained. The end 
result is that fracture of a tensile test bar of any plastic metal free of 
gross defects begins by the formation of a tension crack at the axis of 
the bar and normal to that axis. This crack extends in its original plane 
until the sound section is so reduced that shear fracture occurs through 
the narrow ring of metal remaining between the edges of the tension 
crack and the surface of the bar. In the central region of tension crack¬ 
ing, the resulting cup-cone fracture is roughly granular in detail as a 
result of transcrystalline fracture, but approximately flat and nearly 
normal to the axis of the bar; in the annular region of shear fracture, 
the fracture surfaces are relatively smooth, approximately conical, and 
inclined at about 45® to the axis of the bar. 
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In brittle materials, such as glass and fully hardened high-carbon 
steel, no appreciable permanent extension precedes fracture, and the 
stress pattern present during initial loading persists to failure. In such a 
case fracture begins by the formation of a transverse tension crack at 
the surface of the bar where longitudinal tension is greatest, and this 
crack spreads rapidly across the section to final fracture. 

Even in the quasi-uniaxial tension developed during a tensile test 
the stress distribution is complicated and the stress pattern changes 
rapidly after permanent strain has begun. Under more complex 
conditions of section geometry, loading, and permanent deformation, 
the stress distribution is often totally unpredictable. When it can even 
be approximated, stress can usually be stated only as average stress over 
a relatively large area, and this is frequently very misleading with 
regard to true stress in the microscopic or submicroscopic area where 
fracture begins. The inherent fracture strength of the metal may, then, 
be reached locally under external loads much smaller than would be 
predicted from the behavior of uniformly loaded, regularly shaped, 
single crystals. 

4. Stress concentrations may result from the presence of notches. Often 
more important than the gross inhomogeneity of stress discussed above 
is the intense local concentration of stress that results from the presence 
in a metal section of sharp notches or sudden changes in section. 

It can be shown that the stress distribution will not be uniform at 
any cross section where the size or shape of the member or part is 
changing, and that where this change is sudden there will occur an 
intense concentration of stress.This notch effect is subject to precise 
mathematical treatment only for isotropic materials whose behavior 
is truly elastic, and only for notches whose dimensions and shape 
are regular, constant, and accurately known. For metals, the stress 

Under static loading imuflFicient to cause immediate fracture, brittle amorphous 
materials such as glass may eventually fail as a result of so*>cal]ed static fatigue. Apparently 
this occurs by the formation of a small tension crack at the surface of the specimen, where 
some surface defect has further concentrated the relatively high longitudinal tension developed 
by external loading. The crack extends slowly across the section, by a process of viscous flow 
equivalent to that described above for inlercrystallinc cracking in metals, until the sound 
area remaining can no longer support the load. Then it fails suddenly, with a rough, brittle 
fracture. If loads are light, a glass rod or fiber may remain intact for years before it fails, 
and the smooth *'half*moon** on the fracture surface that represents crack propagation by 
viscous flow will then extend over most of the section. If loads arc high, fracture may occur 
within seconds or minutes, and most of the fracture surface will be comparatively rough. 
(SeeJ. H. HoUomon, ** Fracture and the Strucitirc of Metals,’* of Cleveland, 

American Society for Metals, 1949, pp. 262-274.) 

H. C. Carpater and J. M. Robertson, cit. 
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concentration produced by a notch is usually much less than would be 
predicted from the theory of elasticity, principally because most metals 
are sufficiently plastic to deform permanently at the root of the notch, 
and so distribute the stress over a larger area than would be predicted 
from the geometry of the notch itself. Nevertheless, even in the most 
plastic of metals, a pronounced stress concentration always does occur 
at surface irregularities such as scratches, punch marks, sharp fillets, 
reentrant angles, etc., and the sharper the root angle of such an irregu¬ 
larity the more intense is the stress concentration that results from its 
presence. If the stress involved has a significantly large tension com¬ 
ponent across the notch, then a crack will form at the root of the notch 
under an unexpectedly low external load. Once formed, the crack 
serves as an almost infinitely sharp notch, to concentrate the stress still 
more effectively, and so the crack tends to extend spontaneously to 
fracture; It often does this under loads that are surprisingly low in 
relation to the total area of the original metal section. 

Similar abrupt changes in stress distribution may result from the 
presence of internal notches in a metal section. Usually these are 
mechanical notches—blowholes, shrinkage cavities, or small cracks 
developed during freezing, mechanical working, or heat treatment. 
Occasionally they are metallographic notches—inclusions, regions of 
chemical segregation, interfaces between widely dissimilar crystals (e.g., 
between a-Fe and Fe 3 C in a steel), perhaps even mosaic or lineage 
boundaries, etc. In general, however, internal notches are less serious 
than surface notches, since the intense service stresses that lead to 
fracture are usually developed in bending, and, in bending, tensile 
stress is greatest at the surface of the section. 

Notches or changes in section may be created or redistributed during 
permanent deformation, to alter the stress distribution markedly while 
a metal is actually under load. Necking-down of a tensile bar creates a 
shallow notch at the reduced section, cold bending around a short 
radius produces a sharper one, and notches created by localized wear 
or impact are sometimes very sharp. The shearing fracture of FejC 
platelets in a steel, as a result of stress localization from slip in the a-steel 
matrix, has already been mentioned as one means by which internal 
notches may be formed; this concentrates stress so effectively that 
tensile cracking of the plastic a-steel begins. Intergranular cracks 
produced by viscous flow can be equally effective as notches to initiate 
transcrystalline cracking in adjacent crystals. Development of a 
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banded structure during deformation of a heterogeneous alloy is an 
obvious example of redistribution of metallographic notches under load. 

The nature and seriousness of stress concentrations produced by 
the notch effect are usually impossible to predict or evaluate. However, 
notches of some kind are always present in a metal, and usually are 
very important with regard to its fracture behavior. This is especially 
important when alternating or repeated loads are encountered, as is 
brought out in a later section. 

Notch effect is considered further in Section 10-9. 

5. Size effect may be important. While the available evidence concerning 
size effect is somewhat contradictory, it is now quite generally agreed that 
the size of the specimen tested has an important influence upon both the 
strength and the plasticity properties determined from it. In general, 
the larger the specimen the lower are its ultimate tensile strength^ and 

its ductility.*2 

Perhaps the most convincing explanation of the size effect is a 
purely statistical one, based upon the concepts that an actual metal 
specimen of appreciable size always contains a large number of widely 
distributed defects of varying severity, and that “a chain is only as 
strong as its weakest link.” Presumably, from any given metal section 
at least one tiny specimen could be cut that would be entirely free of 
significant defects. A tensile test on such a specimen would indicate 
the maximum properties of which th6 metal is capable. However, as 
the specimen size is increased to macroscopic dimensions, the probability 
that each specimen will contain at least one serious defect increases in 
direct proportion to its volume, and the properties determined in a 
tensile test diminish accordingly. As size is further increased, eventually 
a point is reached at which' the probability is almost unity that the 
specimen will contain a defect of the maximum severity present. 
Beyond this, increasing size simply increases the probability that this 
“weakest link” will coincide with the region where the tensile stress 
developed by external loading is maximum. 

This general view of the origin of the size effect is supported by the 

observation that, while small specimens of a given metal ordinarily 

fracture at higher stress and with greater permanent strain than larger 

ones do, the scattering in values determined from supposedly identical 

« 

W. P. Roop, Evaluation for Structural Design of Laboratory Data on Flow and 
Fracture of Steel/* Ffcctufing of Mitels^ Cleveland, American Society for Metals, 1949, pp. 
133^ 14S. 
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specimens is always considerably greater for the smaller ones.*^ Pre¬ 
sumably, then, if a very large number of even very small specimens 
were tested, one would eventually be found that had a defect at least as 
severe as the most dangerous one present in a large specimen cut from 
the same material. This particular small specimen would then show 
the same low values of strength and ductility as the large one. 

If this were the whole story, then the strength and ductility values 
determined by testing a very large specimen of a given material should 
coincide with the lower limit of the scatter band of values obtained by 
testing a very large number of smaller specimens.*^ Actually, the 
properties determined from the large specimen seem usually to be a 
little below even the lower limit of scatter for the smaller specimens. 
This implies that a defect of any given severity is in reality more 
darnaging to the properties of a large specimen than to those of a small 
one. At first glance this appears ridiculous; actually, however, it is tme 
of notches, and notches are probably the defects most directly respon¬ 
sible for size effect. 

As is demonstrated in the theory of elasticity, the effectiveness of a 
notch in concentrating stresses is determined not only by the shape, 
dimensions, and root angle of the notch itself, but also by the overall 
dimensions of the specimen in which it occurs. Thus, a punch mark 
having a specific radius actually represents a much sharper notch if it 
appears on the surface of a shaft a foot thick than if it is present on a 
rod one inch in diameter. In the larger specimen, then, the same defect 
actually represents a somewhat sharper notch and a correspondingly 
higher concentration of stress.^5 

The importance of notches in rationalizing the size effect is indicated 
by the fact that it is usually most obvious in brittle materials such as 
glass,in which a notch has very nearly its theoretical effectiveness in 
concentrating stresses. Most metals are sufficiently plastic so that 
yielding at the root of the notch reduces its effective sharpness; in 

13 J. H. Holloman, 0 ^. oV. . ru-.t 

Scatter may be as much as i.50% of the average strength for small specimens of briiue 

materials such as glass and fully hardened high-carbon steels. For most metals it is much 

less than this, but is often still quite alarming. (/Airf.) 

14 However, the avtrage properties determined for the smaller specimens would be well 
above this lower limit, and hence considerably higher than the apparent properties of the 

la^er s^cimen.^^^^ “Notch Tensile Testing,” Fracturing of Metals, Cleveland, Amencan 

Society for Metals, 1949, pp. 90*!32, 

J. H. Holloman, op. cit. 
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general, the more plastic the metal the less sensitive it is both to notches 
Ind to specimen size. Further, for any given metal the size effect can 
be exaggerated by purposely creating similar, relatively sharp notches 

in all specimens in advance of testing.*"^ 

In the absence of effective notches at or near its surface, tensile 
fracture of a ductile metal always begins with the formation ofa centrally 
located tension crack,‘8 whereas the presence of surface notches creates 
a tendency toward brittle fracture originating at the surface under 
relatively low external load, and this tendency increases with the 
effectiveness of the notch in concentrating stress.The tendency toward 
brittle fracture and relatively low ultimate strength generally noted for 
large specimens even of supposedly ductile metals is, then, probably 
associated with the presence in such specimens of effective notches at 
or near the surface. Even in carefully prepared specimens that have 
been polished in advance of testing, mechanical or metallographic 
inhomogeneities are always present to serve as notches, and the size 
effect is often evident to complicate further the prediction or rationaliza¬ 
tion of the observed fracture behavior of metals. 

6. Residual stresses may be present. Stress residual in a metal from 
previous mechanical working, nonhomogeneous contraction after 
solidification, heat treatment, welding, etc., may either reinforce or 
oppose stresses developed by an external load. When residual stress is 
compressive, it locally reduces tensile stress developed by external 
loading, and so postpones or prevents cracking and fracture. A crack 
is, of course, most likely to appear in regions where the residual stress 
is tension so oriented that it reinforces the tension developed by loading. 
When a crack forms, the residual tension is relieved at the crack, and so 
is the balancing residual compression in adjacent regions. Since this 
residual compression previously compensated for part of the tension 
developed by external loading, cracking in a region of residual tension 
results »n a net increase in tensile stress in the metal adjacent to the 
crack. Together with reduction in the sound section of the remaining 
metal and the notch effect at the edges of the newly formed crack, this 
favors extension of the crack to fracture. 

The reduction in tensile strength which results from uncontrolled 
residual stress is often alarming and has frequently been disastrous. 

E. R. Parker, ‘' Effect of Section Size on the Fracture Strength of Mild Steel,” Fracturing 
of Metals, Cleveland, American Society for Metals, 1949, pp. 82-89. 

J. D. Lubahn, op. eit. 

J- H. Holloman, op. cit. 
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There are, then, a number of factors that influence stress at fracture 
in a polycrystalline metal. Individually these factors are so difficult to 
evaluate and collectively their interactions are so complex that no 
quantitative estimate of the strength of an ordinary metal can be made 
from the fracture behavior of single crystals. However, the qualitative 
effects of most of these variables are known, and this knowledge is 
available to guide the thoughtful metallurgist in his efforts to control 
and improve the behavior of the metals with which he works. 

10-5. Location of Cracks 

The location of the initial crack in a metal and the direction or 
directions in which it is propagated are determined by two obvious 
factors: distribution of tensile stress throughout the section considered, 
and relative resistance to tensile separation offered by the various pairs 
of adjacent layers of atoms which, within that section, happen to be 
oriented at about 90® to a tension axis. The crack will, of course, tend 
to form in and spread across planes that are approximately normal to 
the axis of tension in the region where tensile stress is greatest, and so 
far as possible to follow the planes or boundaries that are weakest. 

In the explanation of the size effect and of many other peculiarities 
of metal behavior, it was assumed that any metal specimen of observable 
size contains a multitude of defects of varying severity. Undoubtedly 
this is true, and probably, under some condition of loading, any one 
of these defects could serve as a notch to localize stress and initiate 
cracking. It is reasonable to assume that, in any region of tensile 
stressing, a number of notches are present which are effective enough in 
concentrating stresses so that they all advance simultaneously as cracks, 
each at a rate determined by the magnitude of tensile stress across its 
plane. For most of these notches the initial rate of extension as a crack 
is slow. There will, however, necessarily be one notch whose chance 
location, orientation, and geometry cause it to advance at least a little 
faster than any other notch present. Under constant external load, the 
stress concentration at the edge of a crack increases rapidly with its 
depth, and so the rate of propagation of a crack is found to be an 
approximately linear function of the square of previous penetration. 
Therefore, the particular notch whose initial rate of extension was 
highest will, in general, also accelerate most rapidly in rate of penetra- 

20 Batlellc Staff, PTevmtim of the Failure of Metals Under Repealed Stress, New York, John 
Wiley and Sons, Inc., 1941. 
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tion and will usually extend to fracture before the other notches present 
have even developed into macroscopically detectable cracks. It is 
most unusual to find that a plastic metal has fractured simultaneously 
across two or more separated sections, and somewhat unusual to 
find that even a macroscopically visible crack has developed in 
advance of fracture elsewhere than in the actual plane of the fracture 

itself 

The “dangerous crack” that eventually extends to failure docs not 
always originate at the deepest or sharpest notch present in the metal 
section, since geometry of the notch is only one factor in determining 
the initial rate of propagation of the notch. Its location and orientation 
relative to the stress pattern developed by external loading and residual 
stress are equally important. In general, the notch at which fracture 
begins is a fairly severe one located in the critically stressed region of 
the metal and so oriented that its plane is at least approximately 
normal to the axis of maximum tension in this region. In a heterogeneous 
material the dangerous notch is usually in that type of crystal whose 
inherent fracture strength is least, or at the interface of such a crystal 
with a stronger neighbor. 

xo-6. Appearance of Fracture Surfaces 

When fracture is intercrystalline as a result of intergranular cracking 
during slow second-stage creep, the fracture surfaces show a rough, 
granular pattern of rounded or irregularly polyhedral hills and valleys 
corresponding to the shapes of individual grains. Although in this case 
fracture definitely tends to follow grain boundaries, in regions where 
the boundaries are nearly parallel to the stress axis the resolved tension 
across them may be too low to produce intcrcrystalline separation and 
fracture locally may then be transcrystallinc. A totally intergranular 
fracture is actually quite rare. Inspection of the fracture surface usually 
reveals at least a few points at which the fracture path has been through 
rather than around the grain; the greater the tensile load the higher the 
proportion of grains fractured in this way. However, whether inter¬ 
crystalline or transcrystallinc, the trend of the fracture surface remains 
as nearly normal to the tension axis as the contour of individual grains 
and the orientation of their possible fracture planes permit. 

Except in creep, most fractures are entirely transcrystallinc, the 
edges of the advancing crack following a specific plane of relatively 
easy fracture across each grain. Because each grain differs at least a 
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little in orientation from all of its neighbors, the facets produced by 
fracture across individual grains necessarily meet at the grain boundaries 
at definite angles to each other, so that the fracture surface as a whole 
has a sharply crystalline appearance. 

The smooth fracture surface produced on each grain traversed by 
a transcrystalline fracture and the fact that fracture tends to follow the 
same family of planes usually active in slip have frequently been cited 
as evidence that transcrystalline fracture, like slip, occurs in shear. 
But the angles between individual facets on the transcrystalline fracture 
surface are always relatively sharp, with no evidence of the severe 
distortion of adjacent crystals that would be required to accommodate 
slip extensive enough to produce shear fracture of any given grain. 
Further, the fracture surfaces on individual grains tend to follow the 
plane across which the resolved tensile stress is maximum instead of that 
along which the resolved shear is maximum. If the family of close- 
packed planes present in a given crystal contains two or more sets of 
close-packed planes, then fracture tends to follow the set which is 
most nearly at 90® to the tension axis, and slip occurs preferentially on 
the set which is most nearly at 45® to the tension axis. If only one set of 
close-packed planes exists in the structure (e.g., in close-packed 
hexagonal metals), then slip and fracture tend to follow the same set of 
planes. However, there is no evidence that slip along this set of planes 
alters their resistance to tensile separation. Evidently slip and fracture 
are independent processes except in the unusual case of shearing 
fracture discussed in Section 10-2. There seems to be no reason to 
believe that anything but tension is directly involved in ordinary trans¬ 
crystalline fractures. 

10-7. Permanent Deformation During Fracture 

No matter where or under what loading conditions it forms, a crack 
appears along a specific plane through a given crystal only when the 
tensile stress across that plane locally' exceeds the critical value discussed 
in Section 10-3 as the inherent fracture strength of that crystal. Similarly, 
slip along any given plane occurs only when a certain critical value of 

If the grain size of a metal is coarse, the individual facets composing this pattern arc 
large; if the grain size is fine, they are small. The general appearance of a fresh, trans- 
crystalline fracture surface is therefore a reliable indication of gram size within the metai. 
Visual comparison of such a surface (usually prepared by notching the specimen and breaking 
it in impact) with a set of similar fractures on metals of known gram size provid« a sur- 
prisingly accurate and very rapid means for grain-size determinaUon. Standard iraciurc 
grain-size ” specimens are available commercially for this purpose. 
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shearing stress has been exceeded on it. However, a tensile load capable 
of producing fracture may also have a shearing component capable of 
producing slip, and a shearing load capable of producing slip may have a 
tension component capable of producing fracture. In general, then, as 
the external load on a metal is increased, permanent deformation will 
precede fracture if, somewhere in the metal, the critical shearing stress 
for slip is exceeded on a potential slip system before the critical tensile 
stress for fracture is exceeded on any potential fracture plane in the 
metal. Otherwise, a completely brittle fracture will occur. 

It has frequently been stated that at least a small amount of per¬ 
manent deformation always precedes the cracking or fracture of a 
metal. Apparently this is not rigorously correct. Thus, as described in 
Section 7-14, a zinc single crystal so oriented that its (001) planes are 
nearly parallel or nearly normal to a tension axis will break with no 
evidence of previous or simultaneous permanent deformation, and 
there is no evident reason why such deformation should occur. Fully 
hardened high carbon steels, white cast irons, and many other brittle 
alloys also often fracture without detectable permanent deformation. 
Nevertheless, and fortunately, it is typical of plastic polycrystalline 
metals that they do permanently deform in advance of or during 
fracture, and this has led to many discussions of the relationships 
existing between the deformation mechanism and that of fracture. 

As was mentioned above, there is no evidence that slip along a 
given set of planes, or the strain hardening that results from slip, 
appreciably alters their resistance to cracking and fracture. From 
consideration of the normal separation of atoms involved in cracking 
and the lateral displacement involved in slip, it is evident why this 
should be true. On the other hand, when tension to produce cracking 
and shear to produce slip are present at the same time, they are part 
of the same stress system, and it may be considered either that the 
shearing stress is resolved from the tension or that the tensile stress is 


resolved from the shear. Obviously, if the load on the metal and the 
tensile stress which it develops are completely relieved by fracture, 
then shearing stress is also reduced to zero and there is no possibility 
that slip will occur subsequent to fracture. Conversely, if the shearing 
stress is reduced by slip, the tensile stress is reduced with it, and perma¬ 
nent deformation reduces the probability that fracture will occur. 
Hence there is interaction between slip and cracking, not in their 
mechanisms but in the fact that each is a means of spontaneous stress 
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relief in the metal, and that stress relief by either means reduces the 
probability that the other mechanism will become active. 

The common view that it is slip in a given crystal that initiates the 
cracking of that crystal is, then, erroneous. The general result of slip 
is a reduction in stress which tends to postpone or prevent cracking; 
obviously, the energy absorbed in permanent deformation is not 
available to pioduce fracture. However, while they do not violate this 
generalization, there are several cases in which—in spite of the stress 
reduction that it accomplishes—slip so alters the stress pattern in a 
metal that it establishes a stress condition favorable to cracking or 
fracture. Occasionally this results from a heterogeneous structure— 
c.g., in the case of steel, previously described, where slip in the a-steel 
matrix relieves stress as far as the ferrite crystals are concerned, but 
concentrates stress on Fe^C platelets to the point where they fracture in 
shear. Thereafter, the notch effect at the edges of the microcracks in 
the Fe 3 C crystals concentrates tensile stress at the edges of adjacent 
a-steel grains and tends to initiate cracking there. 

More commonly, if slip affects the stress pattern in such a way as to 
favor subsequent cracking or fracture, it does so by establishing locally 
the condition of triaxial tension discussed in the next section. Evidently 
this is far more important than has generally been realized, and it often 
contributes directly to both formation and propagation of cracks. 

10-8. Polyaxial Stresses 

One system of polyaxial stresses has already been mentioned—in 
Section 10-4, where the interaction of longitudinal and radial tension 
in a tensile test bar was considered {and the accompanying tangential 
tension was neglected). This relatively simple example will indicate why 
rigorous treatment of polyaxial stress systems is extremely difficult, so 
far as it is possible at all. It will not be attempted here. However, 
biaxial and triaxial stressing are so common in metals, and have 
effects so unexpected by the average metallurgist, that some clarifica¬ 
tion of the behavior of metals in response to polyaxial stress systems is 

important. 

The simplest and one of the most common cases of polyaxial stressing 
is pure biaxial tension, in which tensile stress is developed along each of 
two axes within the same plane, but is negligibly small along die third 
axis normal to that plane. Suppose, for example, that a thin metal 
strip is subjected to constant longitudinal tension, and that increasing 
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transverse tension is then also imposed upon it along an axis at right 
angles to the axis of longitudinal tension. If the applied tensile forces 
are resolved into their shearing and normal (tension) components on 
some plane such as PP in Fig. 10-1, which is itself normal to the plane 
of the metal strip, it becomes evident that: 

1. The normal component of transverse tension, Nty reinforces the 
normal component of longitudinal tension, Ni. The imposition of 
transverse tension has therefore increased the tensile stress across any 
plane such as PP which is not parallel to the axis of transverse tension. 
Accordingly, it reduces the magnitude of longitudinal tension required 
to produce fracture along such a plane. 


Longitudinal 

Ttnsion 


Fig. 10*1. Resolution of Forces in Biaxial Tension. 

2. The shearing component of transverse tension, St, opposes the 
shearing component of longitudinal tension, Si, and so reduces the 
shearing stress along any plane such as PP. The imposition of transverse 
tension has therefore increased the magnitude of longitudinal tension 
required to initiate slip along any such plane. 

3. In the extreme case of equal biaxial tension, where transverse and 
longitudinal stresses are equal, mutual cancellation of the shearing 
forces on any plane such as PP is complete, and there is no possibility 
that slip will occur along it. Reinforcement of tension across the plane 
still occurs; and so, on such a plane, a completely brittle fracture may 
be expected under a longitudinal load only about two-thirds as great 
as would be required if transverse loading were absent. 

In general, then, an increase in transverse tension progressively 

^ When, as in the tensile test bar in Section 10-4, longitudinal tension is initially non- 
homogeneous and longitudinal strain is correspondingly variable, a condition may be 
created in which longitudinal and transverse tension reinforce each other locally even along 
the stress axes themselves. 
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reduces both the longitudinal tensile stress required to produce fracture 
and the extent of permanent deformation that precedes it. The results 
are evident, for example, in the behavior of thin metal sections in 
hydraulic bulging, of thin-walled tubing subjected to internal fluid 
pressure, and of thin metal sheets joined by welding. For example, if 
the sheets in Fig. 10-2 are butted together and arc welded as indicated, 
then—if no stress-relieving treatment is used—the assembly is usually 
left in this stress condition: The weld itself and the metal immediately 
adjacent to .it are left in residual longitudinal tension equal to the 
elastic limit, balanced by lower residual compression within the sheets 

themselves; along most of its 
length the weld is also left in 
rather high residual transverse 
tension, balanced by still higher 
residual compression across the 
weld at both ends. Now if an 
attempt is made to bend the 
assembly along an axis crossing 
the weld, a crack is very likely to 
appear in the weld itself or in the metal immediately adjacent to it, 
with little previous deformation and under surprisingly low external 
load. The desirability of a stress-relieving treatment during or after 
welding is evident. 

A completely brittle fracture of this welded assembly would be some¬ 
what unexpected for several reasons. First, tension is not equal along 
axes parallel to the weld and transverse to it. Second, biaxial tension is 
localized and affects principally the central region of the weld, but not 
its ends or the main parts of the sheets joined. Third, and probably 
most important, in the region of biaxial tension the reinforcement of 
tensile stresses and the opposition of shearing stresses are not as effective 
in favoring fracture and preventing slip on planes that are not normal 
to the plane of the sheets as they are on the normal planes considered 
above. Potential slip planes that are not normal to the plane of the 
sheets are usually available, and some slip on these other planes 
ordinarily precedes fracture even under biaxial tension. However, 
slip on such planes is opposed if tension is also developed along a third 
axis normal to the plane of the sheets, since this extends the reinforce¬ 
ment of tension and the cancellation of shear into three dimensions. 
In the case of equal triaxial tension (hydrostatic tension) slip becomes 
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Fio. 10-2. Stress Pattern in a Butt Weld 
Joining Light-Gage Metal Sheets. 
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impossible on any plane through the metal, because the net shearing 
stress is zero along every plane, and fracture must necessarily be com¬ 
pletely brittle.2i This has been demonstrated most forcibly by a series 
of disastrous failures occurring under relatively low external load and 
in a completely brittle manner in heavy welded assemblies where, in 
addition to the biaxial tension described in connection with Fig. 10-2, 
the welding procedure developed high residual tension within the weld 
along an axis normal to the plane of the plates being joined. 

An analysis similar to that outlined above will show that com¬ 
pression along any axis normal to a tension axis opposes resolved 
tension across any plane such as PP (Fig. 10-1), but reinforces the 
shearing stress resolved along it. This loading condition therefore 
reduces the tendencv of the metal to fracture in tension and increases 
its tendency to deform extensively in shear. Again the effect extends to 
three dimensions, and it is of particular interest when equal biaxial 
compression is induced in a plane normal to a tension axis. Thus, when 
fluid pressure is maintained on the circumference of a test bar during 
tensile testing, the apparent yield strength in longitudinal tension is 
considerably reduced, permanent elongation and reduction of area at 
fracture are markedly increased, and instantaneous stress at fracture 
(calculated from the tensile load only) is greatly increased. In tests of 
this type using hydraulic pressures of the order of 400,000 psi, 
Bridgman^^ found that deformation of the metal was usually so exten¬ 
sive that the cross-sectional area of the test bar was reduced almost to 
zero in advance of fracture, and that elongations as great as 30,000% 
could be produced locally without fracture.25 

It seems that a forming technique based on radial hydraulic com¬ 
pression in conjunction with longitudinal mechanical tension might be 
useful in the deformation of metals that tend to be brittle. At the 
moment, however, the principal industrial usefulness of the effect of 

L. H. Donnell, ‘ ‘ Experimental Plans for Study of the Laws Governing Primary Devia¬ 
tion from Elastic Behavior of Materials Under Triaxial Stresses,” Ftacturin^ of Metals, 
Cleveland, American Society for Metals, 1949, pp. 244-245. 

2* P. W. Bridgman. “The Stress Distribution at the Neck of a Tension Specimen.” 
Trans., A.S.M., 1944, pp. 553-572; P. \N. Bridgman, “Fracture and Hydrostatic Pressure ” 
Fraeturing of Metals, Cleveland, American Society for Metals, 1949. pp. 246-261. 

25 As might be expected from the stress pattern existing at fracture and from the abnormally 
great reductions of area that precede it. Bridgman also noted that increasing the hydrostauc 
pressure increased the tendency for shear fracture to replace tensile fracture. In connection 
with previous discussions of strain hardening, it is of interest that Bridgman’s results indicate 
a continuauon of strain hardening at about its normal rate even during the last suges of the 
phenomenally extensive deformations described above. 
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lateral compression on longitudinal extension is in rolling light-gage 
metal strip, where tension may be applied to the strip both ahead of 
the rolls (front tension) and behind them (back tension) to reduce 
power requirements for rolling and allow greater reductions per pass. 
This may be related more clearly to the above discussion if it is assumed 
that extension of the sheet is actually produced by the longitudinal 
tension, reinforced locally by transverse compression induced by the 
rolls. 

Industrially, the result of polyaxial stresses that has attracted 
greatest interest is brittle fracture, under low external load, of metal 
sections initially stressed in residual triaxial tension. Fortunately this 
condition of macroscopic residual stress seems to be quite rare except 
in the case of heavy welded assemblies, and even here—since the source 
of brittle fracture has been recognized—there has been rapid progress 
in the development of welding procedures and stress-relieving treatments 
to avoid it. 

For the purposes of the present chapter, the most significant aspect 
of polyaxial stresses is the fact that triaxial tension, which favors brittle 
fracture under relatively low external load, is commonly developed as 
a result either of permanent deformation or of cracking. Thus, once 
permanent deformation of a tensile test bar has begun, equal triaxial 
tension (longitudinal, radial, and tangential) is superimposed upon 
the relatively uniform longitudinal tension developed by external 
loading. Triaxial tension diminishes from a maximum at the axis of 
the bar to zero at its surfaces,^® and has the expected effect of favoring 
brittle tensile cracking at the axis of the bar. Nearer its surface, the 
ratio of shearing to normal (tensile) stress increases, and here permanent 
deformation and shearing fracture are favored—with the result 
previously described. 

Zener and others have developed an interesting case for the 
initiation of cracking in plastic metals in a region of high triaxial tension 
existing at the end of a slip plane that progresses across a crystal, or at 
the point where a slip plane meets a grain boundary. It is postulated 
that the tensile stress so created may locally approach the ultimate 
strength of the metal,28 and certainly such a stress condition would 


M P. W. Bridgman, “Fracture and HydrosUtic Pressure,” Fracturing of MilaU, Oex'dand, 
American Society for MeuU, 1949, pp. 246-261. .. c- , • «/■ aom/c Oeve- 

2T c. Zener, op.cit.-, W. P. Roop,“SununaiT of the Seminar,” Frar/wrpvtf/Afrtolr, Oeve- 

land, American Society for Metals, 1949, pp. 290-312. 

2S J. H. Holloman, op. cit. 
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favor formation of a crack, whether the crack appeared on the active 
slip plane or on some intersecting plane. In the case of intercrystallinc 
cracking, Zener 29 associates formation of the crack with high triaxial 
tension created at the interlocking corners of grains which, during 
grain-boundary creep, are prevented by their shapes from moving 
past each other as rigid bodies. 

Since the cracks that lead to service failures seem almost always to 
originate in notches of some type, it is probably still more important 
that existence of a notch in a region loaded in tension creates a concen¬ 
tration of triaxial tension at the root of the notch which favors brittle 
cracking there. Further, this condition is maintained at the edges of 
the advancing crack,which of course favors its extension in a brittle 
manner to fracture under a relatively low external load. 

It is evident that triaxial tension is frequently if not always involved 
in the formation of a crack, and it is almost certainly involved in its 
propagation. 

J0-9. Notch Sensitivity 

Because a notch creates locally a condition of triaxial tension, all 
metals are notch-sensitive in the sense that the presence of a notch in a 
region stressed in tension causes cracking and fracture to occur at a 
lower load and with less permanent extension than would be the case 
if the notch were absent. Experimentally, however, the common 
metals and alloys are found to vary widely in the degree to which a 
given notch reduces their mechanical properties. These variations in 
notch sensitivity can usually be explained in terms of either heterogeneity 
of structure or inherent plasticity. 

1. Heterogeneous Structures. Any notch tends to extend spontaneously 
as a crack, and a crack once formed tends to advance at a continuously 
accelerating rate. But if the advancing crack encounters a void, inclu¬ 
sion, or different type of crystal which increases its root angle or diverts 
it into a plane less nearly normal to the tension axis, the stress concen¬ 
tration at the edge of the crack is reduced. Its rate of propagation is 
diminished accordingly, and its further advancement may become 
insignificantly slow. The effectiveness of this principle is demonstrated 
by the common (and successful) technique for arresting the progress of 

C. Zener, op. cii. 

30 E. Saibel, “The Speed of Propagation of Fracture Cracks,••frar/uring o/A/e/o/j, Qcve- 
land, American Society for Meuls, 1949, pp. 275-201. 
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a crack in an automobile fender or a plate-glass window by drilling a 
hole through the steel or glass at the very tip of the crack. On the 
microscopic scale, randomly oriented graphite flakes in a gray cast 
iron have a similar effect. Having almost zero tensile strength, the 
graphite flakes serve in this respect as a multitude of randomly directed 
holes, and are so effective in interrupting the progress of cracks that 
gray iron has an abnormally low notch sensitivity. This is one of its 
major industrial advantages. Included slag fibers in a wrought iron 
are far more brittle than the alpha-iron matrix in which they are 
contained, but are so effective in diverting cracks which intersect them 
that they considerably reduce the notch sensitivity of the wrought iron 
in all directions except that parallel to the slag fibers themselves. Fine, 
well-distributed Fe^C in a steel is very effective in this respect, and so, 
for another reason, the fracture strength as well as the slip resistance of 
a steel is a direct function of the number, size, shape, and distribution 
of carbide particles within it. 

In general, a void or a microconstituent that is either much harder 
or much softer than the matrix in which it is contained will reduce the 
notch sensitivity of any metal or alloy. However, the reduction is not 
often as spectacular as in the case of gray iron; and unless the voids or 
dissimilar constituents are uniformly distributed and randomly 
oriented, their effect on notch sensitivity may be localized or strongly 
directional. 

2. Plasticity. In the absence of such interruptions in the structure 
of the metal, a crack, once formed, tends to spread by progressive tensile 
separation at its edges. These edges serve as very efficient notches to 
concentrate tensile stress and create the condition of local triaxial 
tension. In concentrating tension, however, the notch also concentrates 
the shearing component of stress, which is maximum on planes at 
45° to that of the crack. Further, in most cases total triaxial tension at 
the edge of the crack is obviously not equal along all three axes; if it 
were, the crack would not preferentially follow the plane that is normal 
to the axis of principal tension. Therefore, slip is usually still possible 
at the edge of the crack, and is most likely to occur on planes at 45° to 
the plane of the crack. 

If, in any given crystal, potential slip systems arc present which 
intersect the plane of the crack, then there is a definite probability 
that slip on one of these other systems will precede fracture. The greater 
the number of alternative slip systems and the lower the inherent 
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resistance to slip along them, the greater is the probability that slip 
will actually occur. If slip does occur, it will relieve both the shearing 
stress along the slip plane and the tensile stress across the edge of the 
crack. Therefore it will postpone extension of the crack until local 
strain hardening makes additional slip more difficult than tensile 
separation at the edge of the crack. With each increment of extension 
of the crack, this cycle must be repeated in a new region of the crystal, 
and so slip at its edges seriously retards advancement of the crack. It is 
a common observation that a high velocity of fracture is generally 
associated with small permanent deformation during fracture. 
Therefore, relatively plastic metals, such as lead and copper, are in 
general much less sensitive to notches than are relatively brittle metals 
such as magnesium. Similarly, an annealed steel is usually far less 
sensitive to the presence of notches than is the same steel embrittled by 
cold working, or heat treatment, or hydrogen absorption during 
pickling or electroplating, etc. Further, notch sensitivity of any given 
metal is usually reduced as its temperature rises, since most metals 
increase notably in plasticity at higher temperatures. 

lo-io. Conclusions Concerning Fracture 

So many independent but related variables affect fracture that it is 
a very difficult subject even to discuss, and a still more difficult one to 
summarize concisely. However, a few conclusions may be listed which, 
with the background information presented above, may help the 
metallurgist in his continuing battle with fracture. 

1. The usual fracture of a metal is transcrystalline and originates in 
tension at a notch which extends as a crack to failure. Shearing fractures 
are also transcrystalline, but in metals are produced by abnormally 
extensive slip and are common only when sections are very thin, grain 
size very large, or loading by very high-velocity impact. Intercrystalline 
fractures occur only as a result of rather slow creep, except when weak 
intergranular layers are present; in this case the fracture is usually 
transcrystalline as far as the layer itself is concerned, although it is 
intercrystalline with respect to the major type of crystals present and is 
usually so described. 

2. To postpone or prevent transcrystalline fracture in tension,two 
general lines of attack arc open: to increase the inherent resistance to 
tensile separation offered by the metal, and to reduce the intensity of 

G. Invin, c^. ni. 
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tensile stress in those regions where its peak values occur and where 
cracks are most likely to originate. 

3. Heterogeneous structures in which weak or britUe constituents 
exist as continuous intergranular layers are particularly to be avoided 
since they offer continuous surfaces of easy fracture. However, foreign* 
crystals embedded in a plastic matrix, whether harder or softer thL 
that matrix, and even voids if not so numerous or so distributed that 
they seriously reduce the sound cross section of the metal, arc effective 
in diverting cracks and increasing their effective root angles, and hence 
usually add to the fracture strength of the metal. 

4. Alloying can often greatly increase the resistance to transcrystal- 
line fracture offered by any given metal, either by increasing the 
inherent resistance to tensile separation offered by individual crystals, 
or by introducing into the structure well-distributed crystals of some 
new type which help to prevent crack propagation, or both. The effect 
of the alloy addition on resistance to intergranular fracture in creep is 
usually unpredictable; by favoring finer average grain size, broader 
grain boundaries (especially in heterogeneous alloys), and higher 
diffusion rates, the same addition that increases resistance to trans¬ 
crystalline cracking may favor intercrystalline cracking. For example, 
a molybdenum addition was made to a chromium-iron alloy in order to 
increase its strength properties and reduce its creep rate in service. It did 
both. However, whereas the chromium-iron alloy failed prematurely 
with a transcrystalline fracture, the chromium-iron-molybdenum alloy 
was found to fail prematurely with an intercrystalline fracture. ^2 

5. Where intercrystalline cracking is a problem, any factor that 
reduces diffusion rates at the grain boundaries is effective in postponing 
or preventing fracture. These factors were discussed previously in 
connection with creep. 

6. Cracking occurs only after the possibilities of stress relief by 
permanent deformation under lower stress have been exhausted. There 
is no doubt that some degree of plasticity effectively increases the 
ultimate strength of any polycrystalline metal, principally by allowing 
slip to reduce the stress concentrations produced by notches (including 
the edges of an advancing crack). Thus, a fully hardened—i.e., marten¬ 
sitic—high-carbon steel usually fails in a tensile test in a completely 
brittle manner under relatively low external load, as a result of the 
stress concentration at notches. The first stages of tempering (i.e., 

32 E.R. Parker,“IntercrysUlline Cohesion ofMeuk,” Trans., AS.M., 1944,pp. 150-159. 
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low-temperature annealing of the hardened steel) are usually accom¬ 
panied by a significant increase in ultimate tensile strength, which is (at 
least in part) the direct result of increased plasticity and reduced notch 
sensitivity. Beyond this point, further tempering usually reduces the 
ultimate strength, principally by increasing plasticity to the point 
where necking-down of the specimen precedes fracture, so that the 
reduced cross-sectional area more than compensates for reduced notch 
sensitivity. 

7. Notches are always damaging to the fracture strength of a metal, 
and any factor that eliminates them or reduces their effectiveness in 
concentrating tensile stress is helpful in preventing or postponing 
cracking and fracture. Often this is simply a matter of design—elimina¬ 
ting reentrant angles, sudden changes in cross section, punch marks, 
surface scratches, etc.; reducing the root angle of unavoidable notches 
by using rounded fillets instead of square corners, especially on keyways 
and splines, etc.; relocating such notches in regions where the tensile 
stress is lower; or reorienting unavoidable notches so that the plane of 
the root of the notch is parallel to the tensile axis instead of normal to 
it. Some very simple precautions with regard to mechanical notches 
are often amazingly effective in preventing service failures, but they 
are often overlooked. 

8. Residual tension so oriented that it adds to the tensile stress 
developed by external loading greatly facilitates cracking and fracture, 
particularly when it is triaxial so that it also obstructs stress relief by 
permanent deformation. Residual compression, on the other hand, 
opposes tensile separation and encourages slip, and so is helpful in 
preventing fracture. Special heat and surface treatments are now 
commonly used to induce residual compression in the surface layers of 
metals in order to avoid cracking as a result of the high local tension 
developed by bending or concentrated at unavoidable notches. 

lO-ii. Fadgue Failure (Detail Fracture) 

The principles developed in the preceding sections are helpful in 
explaining the causes, mechanism, and prevention of fatigue failures, 
which are still widely misunderstood in spite of the fact that they account 
for at least half, and often well over 90%, of service failures in the 
components of modem high-speed machines. 

33 Data on this point are not available; howe\-cr, in spite of its effect on ultimate tensile 
strength, such a tempering treatment probably increases instantaneous stress at fracture, at 
least up to the point vt-hcrc overtempering produces undesirably coarse particles of FejC. 
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Nearly everyone has heard the statement that a metal crankshaft, 
connecting rod, spring, pin, or other machine or structural part failed 
in service because it “crystallized.” The implication is that service 
loads—usually at or only slightly above atmospheric temperatures— 
have somehow caused very large and therefore very weak crystals to grow 
locally in the metal. Presumably the weak region of coarse crystalliza¬ 
tion grows until the remaining unaltered section of the metal is too 
small to resist the service load, and the entire section then fails suddenly 
in a brittle manner. The evidence for crystallization is the apparent 
suddenness of failure and the appearance of the resulting fracture 
surfaces. Typically, these have a sharply crystalline appearance across 
part of the section, where crystallization supposedly has occurred, and 
a fine, silky appearance across the rest of it. 

To the metallurgist, failure by “crystallization” is incredible, since 
formation of large crystals in a solid metal simply does not occur at 
atmospheric temperatures within any finite period of time. Even fine 
recrystallization occurs at such temperatures only in lead, zinc, tin, and 
cadmium, which are among the metals least likely to fail in this peculiar 
manner. In steel, brass, bronze, etc., where such failures are common¬ 
place, neither recrystallization nor detectable grain growth occurs at 
atmospheric temperatures. 

The metallurgist identifies this type of fracture as a fatigue failure, 
and he defines it as fracture produced by the formation and extension 
of a crack in response to alternating or repeated stresses that are below 
the elastic limit. The external loading that produces fatigue failure may 
be tensile, compressive, or shearing, or any combination of these, and it 
may be applied at any rate and repeated at any frequency. The 
distinctive feature of fatigue failure is that it is produced by loads 
that should not and actually do not produce measurable permanent 
deformation of the specimen or part as a whole, but which, when 
repeated thousands or millions of times, eventually do result in its 
brittle fracture. 

xo-12. Formation and Extension of Fatxgoe Cracks 

To anyone familiar with the appearance and nature of fatigue 
fractures, the point of origin of the fatigue crack that extended to 
failure is usually very evident from inspection ofthe fracturesurfaces. The 
source of the crack is always found to be a notch of some sort in a re^on 
which, during at least part of the loading cycle, was stressed in tension. 
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If a fatigue specimen is purposely notched to control the location 
of the dangerous fatigue crack, it is possible to observe the sequence of 
events that leads to fracture. When the applied load is below the 
apparent elastic limit of the metal, it is found that the first few hundreds, 
thousands, or millions of stress cycles do not produce a detectable crack. 
If fatigue failure is ever to occur, however, they do produce slip bands 
on one or a few crystals at the root of the notch, and a corresponding 
degree of strain hardening in these crystals. It is apparent that although 
nominal stress is below the elastic limit, the stress concentration at the 
root of the notch causes the elastic limit to be exceeded locally, so that 
some permanent deformation is produced by each cycle of loading. 
The deformation is so localized that it does not measurably alter the 
overall dimensions of the specimen. But it does result in progressive 
strain hardening and embrittlement of the metal at the root of the 
notch, which continuously reduces the ability of the metal to relieve the 
tensile stress by deforming in shear. As strain hardening continues, 
therefore, the effectiveness of the notch in concentrating tension 
increases toward the limit predicted by the theory of elasticity for a 
completely brittle material. Finally, when the stress cycle has been 
repeated a great many times, one of three general situations will result. 

1. Since strain hardening continuously increases resistance to slip, 
the point may finally be reached where the shearing component of 
stress at the root of the notch is incapable of producing further slip, 
while its tension component is still insufficient to initiate cracking. If this 
is the case, then fatigue fracture never occurs, and the only detectable 
result of cyclic stressing is localized strain hardening. 

2. If the nature of the metal and the service temperature are such 
that recovery or recrystallization occurs at a significant rate, strain 
hardening may be eliminated as rapidly as it appears, so that fatigue 
cracking never occurs. Here the principal result of cyclic loading is to 
increase the diffusion rate locally. This increases the rate of viscous flow, 
and hence accelerates intei^ranular cracking and fracture in creep. 
While so-called fatigue failures have been observed in pure lead and 
pure zinc at room temperature, the resulting fractures are intercrystal- 
line^^ and evidently are actually creep fractures that have been 
accelerated by the effects of cyclic loading. Most failures in other metals 

X D. Hanson M. A. Wheeler, “The Deformauon of Metals Under Prolonged 
« Nr’?^pp^2^257 Aluminium,” J<mrTuU of the Institute of MetaU, 
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at relatively high temperatures are of the same nature, and it is creep 
rather than fatigue that is the serious problem at temperatures high 

enough so that recovery or recrystallization can occur at a significant 
rate. 

3. Alternatively, as strain hardening occurs at the root of the notch, 
the tensile component of stress across it may finally become great enough 
so that a crack forms. The crack extends the effective notch into sound 
metal where, at the edge of the crack, the cycle of extensive local strain 
hardening and eventual cracking is repeated. By many repetitions of 
this cycle the crack slowly advances across the metal, probably a crystal 
at a time and certainly with many pauses at grain boundaries, etc. 
Finally the sound section remaining is so reduced in area that, under 
normal service Toads or only slight overloading, it breaks suddenly, 
with a brittle transcrystalline fracture that originates in the stress 
concentration at the edge of the fatigue crack. Fatigue failure, then, 
does originate in the slow extension of a fine crack, although this is not 
often apparent at the moment of failure. To the operator of the machine 
in which failure occurs, only the sudden brittle fracture of the sound 
metal beyond the true fatigue crack is usually obvious, and to him the 
entire section seems to have broken instantaneously. 

10-13. Appearance of Fatigue-Fracture Surfaces 

The above explanation of the progressive nature of fatigue failure 
also helps to explain the distinctive appearance of the fracture surfaces 
that it produces. Characteristically these show a relatively smooth 
area in the region through which the fatigue crack has spread slowly, 
and a typically rough, transcrystalline fracture across the rest of the 
section where the sound metal has failed suddenly. The smoothness 
of the fracture surface representing fatigue cracking results from a real 
peculiarity of crack propagation in fatigue. Although it is a true trans- 
crystalline fracture, it is atypical in that, independent of crystal orienta¬ 
tion, the fracture path remains normal to the tension axis instead of 
following specific crystallographic planes of easy tensile separation. 
Grain boundaries tend to retard extension of the crack, but they do not 
alter its direction. Another peculiarity of the smooth region of faUgue 
cracking is that its surface is usually conchoidal, made up of a series of 
smoothly contoured ridges and valleys in a pattern that tends to |)e 
concentric about the point of origin of the crack. Evidently this res ts 

35 H. C. Carpenter and J. M. Robertson, op. cit. 
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from periodic changes in the orientation of the stress axis during propa¬ 
gation of the crack. No particular significance is atuched to this 
pattern, except that it makes it very easy to locate the disastrous notch 
at which fatigue cracking began. This is, of course, very useful in the 
analysis of fatigue failures and 
as a guide to eliminating the 
notches responsible for them. 

The persistent misconception 
among most nonmetallurgists is 
that the rough, sharply crystalline 
part of the fatigue fracture is an 
abnormality that must result from 
“crystallization,” and that it is 
the weakness of this obviously 
crystalline region that has caused 
failure to occur. For some reason 
the argument that all metals are 
crystalline, that this region re¬ 
presents a perfectly normal trans- 
crystalline fracture surface, and 
that the really abnormal area on 

that surface is the smooth part, seems usually to be unconvincing. 
However, a demonstration that does carry conviction can easily be 
arranged. If some apparently sound region of the broken member, or 
a similar member that has never been put into service, is notched with 
a hacksaw and broken with a hammer, the fresh fracture surfaces will 
be found to appear sharply crystalline across the entire section instead 
of over only the limited area that has supposedly “crystallized” in 
service. 



Fic. 10-3. Fatigue Fracture of an Auto¬ 
mobile King Pin. Actual Size. 


10-14. Type of Loading to Produce Fatigue Cracking 

* 

Since only tensile stress normal to its own plane can initiate or 
propagate a crack, fatigue cracks must originate and be extended in 
tension. But fatigue failures arc actually more common in parts 
subjected to alternating tension and compression (e.g., as a result of 
reversed bending) than in those subjected only to repeated or pulsating 
tension, and they have frequently been observed to result from reversed 
torsional loading and even from pulsating compression. 

Static tensile loading can produce only normal transcrysialline 
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fracture or creep; it cannot cause fatigue failure.36 Repeated or 
pulsating tension produces a systematic change in the shape of each 
crv'stal at the root of the notch, by successive displacements along 
parallel planes in the same direction. This change in shape meets with 
increasing resistance from other grains in the next layer away from the 
tip of the notch, so that an increasing proportion of the tensile load 
concentrated by the notch is transmitted elastically through the crystals 
at its tip to their neighbors. By reducing the stress concentration locally, 
this increases the effective root area of the notch and reduces the 
probability that a fatigue crack will form and spread. It opposes the 
tendency toward strain hardening, which is simultaneous with it and 
tends to increase the effectiveness of the notch, and is likely to have a 
significant effect before much strain hardening has occurred. Therefore, 
while fatigue failure may be produced by repeated or pulsating tension, 
it is actually somewhat uncommon in these types of loading, and usually 
occurs only when tensile loads are so high that cracking begins after 
very little slip has been produced. On the other hand, if temperatures 
are high enough so that diffusion is relatively rapid, repeated or pulsating 
tension—which tends to concentrate the stress at grain boundaries in 
the vicinity of the notch—may considerably accelerate viscous flow 
and local intergranular cracking in creep. 

Pure compression cannot cause a crack to form or to spread. How¬ 
ever, when compression alternates with tension at the root of a notch, 
the resolved shear tends to cause slip in one direction during the com¬ 
pression part of the cycle and, in the same crystals and along planes of 
the same set, to cause slip in the opposite direction during the tension 
part of the cycle. Alternation of tension and compression, both intense 
enough to cause slip locally, soon develops slip bands on crystals at the 
root of the notch so numerous and so closely spaced that they are 
unresolvable as individuals under the optical microscope. This is 
direct evidence that a very large amount of permanent deformation has 
taken place in each such crystal, although it has been accomplished by 
a very limited amount of slip occurring alternately in opposite directions 
along parallel planes, so that no detectable change in the overall 
dimensions of the crystal has resulted. The crystals at the root of the 
notch strain harden tremendously, increasing the effectiveness of the 
notch accordingly, so that fatigue cracking eventually begins during 

M The so-called sUUc fatigue of amorphous materials mentioned in Section 10-4 is not 
fatigue in the technical sense; it is simply creep failure by the process of viscous flo>v. 
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the tension part of the cycle. The crack neither forms nor spreads in 
compression, but the compressive part of the loading cycle facilitates 
tensile cracking very considerably by making it possible for a few crystals 
at the root of the notch to deform and strain harden extensively without 
changing in shape or transmitting much of the concentrated load to 
their neighbors. As a result, the condition of alternating tension and 
compression—e.g., in the outer fibers of an eccentrically loaded 
rotating shaft, or of a length of tubing subjected to reversed bending— 
is notoriously favorable to fatigue failure. 

Fatigue failures in repeated, pulsating, or reversed torsion are 
reasonably common, but the fatigue cracks themselves are evidently 
produced by the tension component of the load. However, its shearing 
component undoubtedly facilitates tensile cracking in direct proportion 
to the apiount of strain hardening it creates. Fatigue failures from 
compressive loading are rare; when they occur they can be traced to 
tension induced by nonuniform deformation, usually as a result of 
barreling or buckling. 


10-15. Prevention of Fatigue Failures 

The same general precautions mentioned above with regard to 
transcrystalline fractures in general are helpful in postponing or 
preventing fatigue failures. Because of the importance of fatigue and its 
peculiarities, however, that discussion merits some elaboration here. 

1. Fatigue cracks seem always to originate at detectable notches. 
The dangerous notch in fatigue is usually a mechanical notch at the 
surface of the metal section, where the tension developed by bending is 
at a maximum. Among the notches that are often dangerous in this way 
are tool marks, punch marks, scratches, shallow cracks from grinding 
or heat treatment, sharp keyways and splines, punched and drilled 
holes, undercuts at bolt heads and flanges, reentrant angles at sudden 
changes in section or contour or at collars, clamps, press-fits, shrink- 
fits, weld reinforcements, etc., screw threads, and pits produced by 


In a few cases at least, it has been observed that permanent deformation durihg the 

c^prosion part of the cycle seems to eliminate a substantial part of the strain hardening 

produced by previous deformation in tension, and to restore some of its original plasticity 

to the metal. (See G. Sachs, * ‘ Effect of Strain on Fracture,” FTOcturing of Mtlals, Cleveland 

AmencatJ Society for Metals, 1949, pp. 51-67.) If this were the usual effect, altemaUon of 

wmpre^on with tension would evidendy postpone or prevent fatigue failure instead of 

flouting tt, as It ts actually observed to do. The evidence on this point has probably been 

mumterpreted; it is apparendy the Bauschinger effect localized in a few crystals at the root 
o! the notch* 
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corrosion. Less commonly the dangerous notch is an internal one, such 
as a shrinkage cavity, a blowhole, an unfused region in a weld, or an 
internal crack (a flake, burst, or fisheye). Occasionally it is a metallur¬ 
gical notch such as an inclusion of slag or MnS, a hard alloy constituent 
(e.g., a large spheroid of FejC in a steel), or a pronounced change in 
hardness or grain size over a relatively short distance (e.g., in the 
transition zone between hardened case and unhardened core in a 
carburized steel, or in the heat-affected region adjacent to a weld). 

In general, the simplest and most effective means of combating 
fatigue failure is to avoid notches, as far as possible. Often this is 
simply a matter of careful design and intelligent machining: providing 
generous fillets at all changes in section, including the shoulders of 
oil holes, etc.; using rounded instead of square keys, keyways, and 
splines, and radiused threads instead of sharp ones; avoiding under¬ 
cutting and stamped or raised letters on highly stressed sections, etc. 

2. Particularly for sections that are critically stressed in bending, it 
is often economical to use very fine grinding, honing, lapping, or 
polishing as a finishing operation, in order to eliminate the small 
notches represented by the tool marks from the final machining. For 
example, aircraft connecting rods are now always polished very 
carefully, and this has been very effective in preventing their failure in 
fatigue. Many crankshafts, machine tools, and other high-speed 
machine components are also finished by polishing; they should be 
carefully protected against scratching in advance of installation. 

On the other hand, not all fatigue failures originate at the surface 
of the metal. Thus, in a well-finished valve spring, the point of origin 
of the fatigue crack is often found to have been considerably below the 
surface of the section. This is most likely to occur when the loading of 
the metal part is axial, and of course it cannot be prevented by improved 
surface finish. When internal or metallurgical notches become a 
problem, the only solution is better metallurgical control or improved 
techniques in melting, refining, casting, forming, fabricating, and heat 
treating the metal. 

3. Fine grinding or polishing is especially beneficial if it can be 
done in such a way that the fine surface markings left on the finished 
surface are parallel to the tension axis developed by service loads rather 
than normal to it. So oriented, any notch is far less effective in concen¬ 
trating stresses, and far less damaging to fatigue properties. Thus, 
fatigue failures in driveshafts ordinarily result from bending rather than 
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torsional loads; a driveshaft should, in general, be finished by being 
ground or polished longitudinally instead of circumferentially, if this 

is possible.^* 

4. Even in the simplest of machine elements, design alterations and 
special surface finishes can only minimize the number and seriousness 
of the notches present; they cannot completely eliminate either the 
notches themselves or their inherent danger if fatigue stresses are high. 
The use of metals with low notch sensitivity is an obvious means of 
postponing or preventing fatigue failure in sections where notches are 
unavoidable, providing, of course, that the substitute metal has the 
other mechanical, physical, and economic properties required in the 
specific application being considered. For example, gray cast iron is 
usually superior in fatigue properties to steel of equal tensile strength, 
because of its lower notch sensitivity and higher damping capacity. It 
is usually cheaper than steel and has better machinability, and its 
shearing strength is higher than its tensile strength—which is unusual 
among the metals. Therefore, high>quality gray cast irons are widely 
used in notched sections under fatigue loading, especially where 
machining costs are high and service loading is torsional. Thus, many 
crankshafts are now made of high-quality gray iron instead of steel. 

5. Cracks always form and spread in tension. If tensile stresses can 
be entirely avoided, fatigue failure will never occur; if they can be 
reduced, it will at least be postponed. Frequently, redesigning an 
assembly or structure can reduce tensile stress in some critical section 
found by experience to be especially subject to fatigue failure, and 
sometimes it can even convert tensile loading to compressive loading 
locally. 

6. Alternatively, part or all of the tensile stress induced by service 
loads can often be balanced locally by residual compression. As has 
been described, shot peening is one means of inducing residual com¬ 
pression in the surface layers of parts subject to bending loads or 
unavoidably notched at changes in section. Peening. with a hand or 
air hammer, surface rolling, local cold pressing, and certain heat- 
treating operations (e.g., hardening or nitriding of steels) can also 
achieve this residual stress condition, and all can be very effective in 

3* The exceptional case is a driveshaft that is short relative to its diameter, so that K<»wt.r.g 
relatively small. Here failure may be in tension resolved from the Conional load, 
in this case a longitudinal surface scratch would be almost as damaging as a dmimferentiai 
one, smee the axis of maximum resolved tension would be at 45® to either 

Battelle Staff, op. eit. 
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combating fatigue. Properly applied to crankshafts, connecting rods, 
leaf springs, drill steel, etc., such treatments often increase service life 
in fatigue by 100% to 300% and occasionally by 500% or more, or 
postpone fatigue failure indefinitely under service loads 20% to 50% 
(and sometimes 100% or more) higher than could otherwise be applied 
safely. Shot peening, surface rolling, etc., sometimes have the incidental 
effect of improving the surface finish by eliminating or reducing the 
root angle of preexisting notches in the metal surface. This, of coune, 
further improves fatigue behavior. 

Unfortunately, there are certain dangers inherent in the use of these 
special treatments intended to induce local residual compression, and 
they are not equally effective with all metals and on all sections. Thus, 
the treatment itself may produce surface notches so severe that they 
more than compensate for the desirable effect of residual compression; 
this is often true of hand>peening operations, and is the principal reason 
why sand blasting or grit blasting, in which angular particles are used, 
is not the equivalent of shot blasting in most cases. Further, the strain 
hardening that accompanies surface working usually increases the 
sensitivity of the metal to whatever notches exist, and this tends to 
balance the improvement in fatigue properties produced by local 
residual compression.^'^. Thus, because of its very low elastic limit, 
copper cannot be left in high residual compression, and the reduction in 
plasticity that accompanies shot peening, etc., so increases its notch 
sensitivity that surface working improves its fatigue properties very 
little.'^' Finally, and perhaps most serious of all, residual compression at 
a metal surface must be and always is balanced by residual tension 
somewhere below that surface. If loading is such that a region stressed 
in residual tension is also subject to tension developed by the external 
load, then surface treatment may prevent fatigue cracking at the 


♦0 Thfre is some confusion in metallurgical literature with regard to the effect of strain 
hardening upon notch sensitivity, probably because it varies with type of loading. When 
tension and compression alternate, as they usually do in critical fatigue service, prwious 
strain hardening reduces the ability of the metal to yield at the r(»l of a notch in or er to 
distribute stress over a larger area, and so increases notch sensitivity. Howwr, in stauc, 
repeated, or pulsating tension, there is usually little slip in advance of cracking at the roo 
..f a notch. Previous strain hardening of a thin surface layer at the root may in this ^e 
increase the effective root angle by causing a larger proportion of the conemtrated load to 
be transmitted through the strain-hardened metal to other crysuls it, "id hen« 

may actually reduce notch sensitivity. Most fatigue failures occur ^7,^ 

leasion and compression alternate in surface layers of the metal, and so the latter possibili y 

has been neglected In the discussion above. 

41 Baticlle Staff, op. cit. 
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surface only to faciUtate it in the body of the part. Therefore, surface 
working is usually most effective in thin sections subject to bending 
loads, where high tension is developed by the external load only in 
a thin surface layer, and even in this case it must not be carried to 
the point where a layer immediately below that surface is stressed in 
high residual tension.^2 Surface working is usually least effective, and 
sometimes very damaging, when loading is axial and sections arc 

thick. 

There are, then, very definite limitations and some actual dangers 
in the use of special surface treatments intended to improve the fatigue 
properties of metals by inducing localized residual compression in them. 
However, if properly controlled and used on the right metal in the 
right place, they are often spectacularly effective. 

7. As was implicit in the paragraphs above, high residual tension is 
usually disastrous to fatigue properties whenever it reinforces tensile 
stress developed by external loading. This is evident in the notorious 
susceptibility to fatigue failure of steel parts hardened by heat treatment 
and then overheated (burned) in a subsequent grinding operation. If 
wheel speed is too high, grinding pressure too great, supply of coolant 
insufficient, or the wheel dirty or loaded, then overheating of a thin sur¬ 
face layer during grinding leaves it in high residual tension when it 
has cooled, and the layer so affected is a prolific source of fatigue 
cracks. 

8. The greatest stress whose repeated application can be withstood 
indefinitely without fatigue failure is the endurance limit of a metal. It is, 
of course, well below its apparent elastic limit. 

Repeated stressing of a metal somewhat below its endurance limit 
is called understressing. While it produces no detectable changes in the 
overall dimensions of the specimen or part, it does give some evidence 
of local slip, and has the effects usually associated with cold working in 
increasing the strength and hardness properties of the metal and 
reducing its plasticity. Particularly when it is followed by repeated 
stressing under slowly increasing load up to the original endurance 
limit or even just a little above it (a technique called coaxing), under¬ 
stressing usually increases the endurance limit of a metal by something 

^2 Particularly with steels, it is usually fousd that fatigue properties improve with the 
extent of surface working to some optimum value and then, with further working, begin to 
fall off quite rapidly. Undoubtedly this is a joint effect of increased notch sensitivity and 
concentration of residual tension just below the surface of the metal. Too much peening or 
surface rolling, etc., may then be worse than none at all. 
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like 10% to 40% of its original value.‘*3 Undoubtedly it does this by 
producing localized permanent deformation and strain hardening at 
the roots of existing notches, which reduces stress concentrations 
existing there. It should also increase notch sensitivity, but apparently 
in this case redistribution of stress is the more important effect. 

An identical result can sometimes be produced by controlled over¬ 
stressing —application of a few cycles of stress considerably above the 
initial endurance limit, or of a few thousand cycles at or just a little 
above it. This is possible with most of the common metals, including 
the steels and cast irons, although there are some others that seem 
instead to be permanently damaged by any degree of overstressing. 
Even on steels and irons the technique must be used with caution, 
because too many cycles of overstress damage the metal to the point 
where it will soon fail in fatigue even under stresses that are well 
below its normal endurance limit. The nature of this damage is not 
known, and there is no detectable change in the microscopic appearance 
of the metal or in its other properties to indicate when improvement 
of its fatigue properties has ceased and damage has begun. 

Oddly enough, when overstressing has been carried to the point 
where some damage to the fatigue properties of the metal has already 
occurred, but not so far that a detectable crack has appeared, it is 
sometimes possible to repair the damage partially or completely by 
subsequent understressing.*^ Evidently the interactions among strain 
hardening, stress distribution, and notch sensitivity are complex, and 
certainly they are not completely understood. In general, however, 
metals having a high rate of strain hardening and a high capacity for 
it (e.g., the “ 18 and 8’* types of stainless steel) have outstandingly good 
fatigue properties and are the ones most benefited by understressing or 
by a limited amount of overstressing. 

When design and metal preparation are proper for any given 
application, fatigue stresses from normal service loads do not exceed 
the endurance limit of the metal. In the absence of overloading, fatigue 
failure should never occur; in fact, understressing in ordinary service 
loads should progressively improve the fatigue properties of a metal part. 
A few cycles of limited overstressing, if not too far above the endurance 
limit and not repeated too often, usually have a similar effect. However, 
too many cycles of stress even a little above the endurance limit will 

H. C. Carpenter and J. M. Robertson, op. eit. 

^ Baitellc SufT) op, at. 
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produce permanent damage that leads to fatigue faUurc even if the 
stress subsequently drops to below the endurance limit. Design pracUces 
for fatigue service are in general so conservative that a great many 
repetitions of stress at or just above the endurance limit are unlikely to 
occur. Usually service failure in fatigue is initiated by a relatively small 
number of cycles of unexpected overloading to well above the normal 

endurance limit. ^ 

9. The disastrous overloading that leads ultimately to fatigue 

failure may occur in any of a great variety of ways. One of the most 
difficult of these to predict and contend with is the occurrence of 
harmonic vibration (tuned or resonant vibration). When the motion of a 
machine or structural component reaches the critical speed or fre¬ 
quency that corresponds to its own natural vibrational period, then 
constructive instead of destructive interference occurs in its cyclic 
motion, and fatigue stresses are amplified in it instead of damped out. 
Harmonic vibration creates very high stress peaks locally, and when 
these happen to coincide with notches or reduced sections they often 
lead to very rapid failure under amazingly low nominal stresses. Rather 
massive high-speed parts, such as crankshafts and aircraft propellers, 
are particularly subject to local overloading and premature fatigue 
failure as a result of harmonic vibration. 

10. When the surface layer on a metal section differs significantly 
in its properties from the layers beneath it, its presence may consider¬ 
ably alter the fatigue properties of the section as a whole. Such surface 
layers may be structural modifications of the underlying metal, pro¬ 
duced for example by heat treatment, or they may be coatings of some 
quite different material. Their effects on fatigue behavior may be 
beneficial, harmful, or negligible. 

Fatigue failures usually occur in bending, which develops maximum 
tensile stress at the surface of the section. In general, if the critically 
stressed surface layer can be given additional strength by some special 
treatment, it will better resist the formation of fatigue cracks. If it can 
also be left in residual compression, its fatigue properties will be further 
improved. This is true, for example, of alloy steels that have been 
nitrided, i.e., held for some hours at an elevated temperature in an 
atmosphere containing atomic nitrogen. As nitrogen diffuses into the 
steel it is precipitated as intensely hard nitrides of certain alloying 
elements; this produces a very thin but very hard, strong, and wear- 
resistant surface layer. Nitride precipitation in this layer is accompanied 
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by volume expansion of it. and leaves the surface layer in residual 
compression. Nitriding is therefore outstandingly effective in improving 
the fatigue resistance of the steel. SimUarly, although not often to the 
same degree, the martensitic case produced by quenching from a high 
temperature either a high-carbon steel or a low-carbon one that has 
been carburized, is usually beneficial to fatigue properties, both because 
the case is inherently stronger than the unaltered core of the section, 
and because the hardening treatment ordinarily leaves it in residual 
compression. 

On the other hand, the hard, strong surface layer of a case-core 
structure is usually somewhat brittle, and more sensitive to notches than 
the unaltered core of the section. If the tensile stress at a notch does 
become great enough to initiate cracking, then the crack will spread 
rapidly through the case and into the core. Therefore, if serious surface 
notches are present, and especially if the surface layer is stressed in 
residual tension, its presence may actually be damaging to fatigue 
properties instead of beneficial. Thus, when the surface layer of a 
hardened steel part is left in residual tension by overheating during 
finish-grinding, it is very likely to crack spontaneously or under low 
external loads, and the cracks may then extend rapidly to fatigue 
failure. Hard chromium electrodeposited on steel is very hard and 
strong, but is usually quite highly stressed and often contains many fine 
cracks. In this condition, chrome plate reduces the fatigue properties 
of the steel section. On the other hand, if residual tension is avoided 
and cracking eliminated, the surface layer of chromium considerably 
increases the fatigue life of the part. 

In general, then, a hard, strong surface layer on a metal section 
improves its fatigue properties if it is free of serious surface notches; 
it is especially beneficial if it is in residual compression. However, if 
surface notches are present and—particularly—if this layer is in 
residual tension, it may be quite damaging instead. 

Soft surface layers on a metal may reduce its fatigue properties or 
may have no effect on them, depending principally upon how intimately 
the layer is bonded to the underlying metal. Even when its plasticity is 
high and its notch sensitivity low, a soft surface layer is usually so weak 
that it will eventually crack under fatigue stresses so low that they 
would not have affected the stronger metal beneath them. Having 
penetrated the soft surface layer, the fatigue crack may then serve as an 
effective notch to initiate cracking in the underlying metal. This 
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frequently occurs, for example, in medium- and high-carbon steels in 
which, during forming or heat treatment, prolonged exposure to an 
oxidizing atmosphere has produced a decarburized surface layer that is 
almost devoid of carbon and, relative to the original steel, is very soft 
and weak. Decarburized layers on such steels are a very common 
source of fatigue cracks, which then progress readily into the rather 
notch-sensitive, unaltered metal toward the center of the section.**^ 
Pure aluminum coatings on Alclad aluminum alloys have a similar 
effect,since the cladding metal is much weaker than are the rather 
high-strength alloys to which (for corrosion protection) it is usually 
applied. Even the rather small differences in properties between the 
soft, relatively pure skin of a rimmed steel section and its very impure 
center produce a detectable reduction in fatigue properties.**’ Tin and 
zinc coatings applied to steel by hot-dripping methods are bonded to 
the underlying metal by thin layers of very brittle tin-iron and zinc- 
iron intermetallic compounds through which fatigue cracks are propa¬ 
gated readily; therefore these coatings reduce the fatigue properties of 
the section. This is usually the case when a soft surface layer is bonded 
strongly and very intimately to the underlying metal, and particularly 
when there is a bonding layer of some intermetallic compound. 

On the other hand, electroplated coatings of tin, zinc, copper, 
soft nickel, and lead seem usually to have no effect on the fatigue 
properties of stronger metals, such as steel. While the coating itself 
may eventually crack under relatively low fatigue stress, in this case the 
crack seems to extend only to the interface between the coating and the 
underlying metal and to stop there, being ineffective as a notch to 
initiate cracking in the latter.*** In fact, it has occasionally been reported 
that because of their own low sensitivity to notches, electroplated 
coatings of soft plastic metals sometimes reduce the notch sensitivity of 
the stronger sections to which they are applied, with resulting improve¬ 
ment in the fatigue properties of the section as a whole. Apparently 


<5 The bat remedy in this case is to prevent decarburization by avoiding prolonged 
exposure to oxidizing atmosphera. The next bol is to remove the decarburized layer by 
machining, grinding, etc.; this is one of the rare casa where grit blasting or sand blasting 
may actually improve fatigue propertio. The small, angular pits left by the grit or sand arc 
usually less damaging in fatigue than the decarburized skin removed by their abrasive action. 

^ Baitelle Staff, op. eil. 

Ibid. 

While the evidence on this point b inconclusive, it appears that cadmium and hard 
nickel coatings, even when electrodeposited, may be 4amaging to the fatigue properlia of 
steel. (See Battelle Staff, op. cif.) 
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cadmium plaring on screw threads has this effect. However, it is not 
certain that the improvement noted in this case cannot be explained 
simply by more uniform stress distribution in the cadmium-plated 
connection, as a result of better fitup between mating threads after 
they have been plated. The effect of the coating upon corrosion rates 
is probably ako important here, as is noted below. 

11. Corrosion at the surface of a metal section has an important 
effect upon its fatigue properties, the nature and intensity of the effect 
depending upon whether chemical action precedes fatigue loading or 
is concurrent with it. 

Corrosive attack often produces in a metal surface rather sharp 
pits and intergranular depressions which are very effective as notches 
to concentrate service loads. Like all surface notches, these reduce the 
properties of the metal as they are measured in ordinary static tests, 
and they are still more harmful to its fatigue properties. A metal surface 
roughened and pitted by corrosion should generally be fefinished before 
the section is installed in or returned to fatigue service. 

12. When corrosive attack is simultaneous with fatigue loading, 
corrosion is far more damaging to the properties of the metal than can 
be explained simply by the notch effect at the surface irregularities 
produced by it. In corrosion fatigue, the chemical attack seems to take a 
direct and active part in the propagation of fatigue cracks; they form 
and spread far more rapidly than they would if fatigue loading were 
preceded but not accompanied by chemical attack. 

This effect of corrosion is evidently the result of the existence, at 
the root of each effective surface notch, of a limited region that has 
been strain hardened by fatigue loading, and in which enough distor- 
tional energy has been stored to accelerate the chemical attack locally. 
During each cycle of loading, additional permanent deformation 
occun and additional energy is stored. Corrosion is further accelerated 
by the energy of elastic deformation which is ako concentrated at the 
root of the notch and which momentarily reinforces the dktortional 
energy already stored there. In addition, with each repetition of the 
tension part of the cycle, the opposite surfaces of the notch or crack arc 
spread apart. This breaks any film of corrosion products that might 
otherwise accumulate and obstruct further attack, and brings to the 
newly exposed surface an influx of fresh corrosive fluid. The total result 
is that dissolution of metal at its edges may extend the fatigue crack 
far more rapidly than fatigue loading could alone, and the two together 
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often Ic id to failure in a disastrously short time. The interactions of the 
magnitude and frequency of loading and the rate of chemical attack 
are further considered below, in connection with fatigue testing. 

Oxidation of a metal by air at atmospheric temperatures is usually 
a very slow form of corrosion. However, it is greatly accelerated by 
atmospheric or condensed moisture, and in a humid climate becomes 
an important problem to the users of magnesium, aluminum, iron, 
copper, alloys of these, and most other chemically active metals and 
alloys. Salt water is far more corrosive than fresh water, and so oxida¬ 
tion is especially important in marine atmospheres. Atmospheric 
oxidation is often rapid enough so that fatigue service in air may 
actually represent a generally unrecognized form of corrosion fatigue. 
Therefore, protection of an active metal by adherent, nonbrittle 
coatings of paint, some other metal, etc., which effectively exclude both 
air and moisture from its surface, often results in an unexpected major 
increase in fatigue life. Thus zinc and cadmium are widely used as 
coatings on steel to protect it against corrosion fatigue, and so are 
aluminum coatings on Alclad aluminum alloys. All are very effective 
in doing this, in spite of the fact that in the absence of a corrosive 
environment they either would have little effect on fatigue properties or 
would actually reduce them. 

One of four general methods of protection is usually attempted 
whenever conditions of simultaneous corrosion and fatigue are 
encountered. 

First, the corrosive atmosphere may be altered sufficiently to avoid 
chemical attack or greatly reduce its rate. This is usually possible 
only in closed systems. It may be exemplified by the substitution of 
glycol for water in the cooling system of an internal-combustion 
engine, the addition of corrosion inhibitors to a coolant or a crankcase 
oil, and the use of a dehumidiiying air conditioner in a factory or 
laboratory. 

Second, the metal may be protected from contact with a corrosive 
medium by a suitable coating, either metallic or nonmetallic. The 
coating must, of course, be continuous, flexible, adherent, and itself 
usefully resistant to attack. Metal coatings are widely used for this 
purpose; they are applied by dipping, electroplating, rolling, welding, 
or spraying. Paints, lacquers, synthetic rubbers, waxes, grease and oil 
films, slushing compounds, etc., are also often useful, and so, in some 
cases, are surface layers of certain nonmetallic corrosion products 
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intentionally produced under controUed conditions by an anodizing 
treatment, a chromate or phosphate dip, or other means. 

Third, a metal not subject to active attack by the corrosive atmos¬ 
phere may be substituted for the one usually used; e.g., a bronze might 
replace an aluminum alloy, a beryUium bronze a tin bronze, or a 
stainless steel a plain-carbon steel. Other significant properties of the 
alternative metal, particularly its cost, must of course be carefully 
weighed whenever substitution is considered. 

Fourth, in some cases an alteration in conditions of heat treatment 
may so improve the corrosion-fatigue behavior of a given metal that 
substitution or plating, etc., becomes unnecessary. This is especially 
true of the stainless steek and certain high-strength aluminum alloys, 
which are very susceptible to intergranular attack when they have 
been improperly heat treated. However, it seems also to be true of 
many of the common automotive steels, in which resistance to corrosion 
fatigue is sometimes definitely better in the annealed condition than 
after a hardening heat treatment, although the stronger hardened steel 
usually shows far better fatigue properties when the test is made in dry 
air.'*® Undoubtedly this behavior is the result of the relief by the 
annealing treatment of severe residual stresses which result from 
hardening and significantly increase the rate of attack by any given 
corrosive medium. 

ia-i6. Fatigue Testing 

Service failures in fatigue are so common and so expensive that a 
great mass of experimental data concerning the fatigue properties of 
the common engineering metals has been accumulated to serve as a 
guide in the prevention of fatigue failure. Most of these data have been 
derived from accelerated fatigue tests made in the laboratory on small 
specimens to each of which has been applied a known number of cycles 
of measured stress. 

In laboratory testing of fatigue properties of any given material, 
a large number of supposedly identical samples is prepared from it, 
and each of these is tested to fracture at a different level of repeated 
stress. Usually the first specimen is tested under stress so high that it 
fails in fatigue after only a few hundreds or thousands of cycles, the 
second under somewhat lower stress so that its life is longer, the third 
under still lower stress, etc. Finally, a stress level is reached so low that 

See Bailelle StaflT, op, cit. 
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the loading cycle can be repeated any desired number of times. The 
fatigue life {number of cycles to fracture at any given level of repeated 
stress) is then plotted against stress; this produces a so-called S-N curve 
for the metal, such as the curves illustrated in Fig. 10-4. To permit 
condensation of experimental data, a semilogarithmic plot is usually 
used, in which stress (5) is plotted to a linear scale and the number of 
cycles to fracture on a logarithmic one. However, the shape of the 
curve is not significantly altered 
by using either a linear or a log- 
log plot. 

The stress value usually sought 
in fatigue testing is the endurance 
limity which is the highest stress 
that can be applied to the metal 
an indefinitely large number of 
times without causing it to frac¬ 
ture. In an actual fatigue test, the 
loading cycle obviously cannot 
be repeated an indefinitely large 
number of times. Some large but 
finite number of cycles must be 
selected rather arbitrarily as representing an indefinitely long service 
life, and it must thereafter be assumed that if fracture does not occur 
within this specified number of cycles it will never occur at that level 
of stress. For steels, cast irons, and a few of the nonferrous metals 
and alloys, this assumption can be justified from the shape of the 
experimental S-N curve. For them the curve is of the type repre¬ 
sented by curve A in Fig. 10-4, which descends almost linearly as stress 
diminishes, bends rather sharply at a knee (point d), and thereafter is 
essentially horizontal. Application of any stress appreciably below the 
horizontal region of the curve can be repeated indefinitely without 
causing fracture to occur. For most ferrous metals and alloys, the knee 
of the curve appears within about two million cycles of stress. Therefore, 
it is usually assumed that if a steel or iron specimen can withstand as 
many as ten million repetitions of the stress cycle, it will withstand 
further repetitions of it indefinitely. Fatigue tests on such metals are 
usually terminated at about ten million cycles, and the stress corres¬ 
ponding to the horizontal region of the curve is assumed to represent a 
true endurance limit. 



Fio. 10-4. Typical Curves (Stress vs. 
Number of Cycles to Fracture) for a 
Ferrous Alloy, Curve 4, and for a Non- 
Ferrous Metal or Alloy, Curve B. 
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Unlike ferrous metals, most nonfcrrous metals do not have true 
endurance limits. As is illustrated by curve B in Fig. 10-4, their S-M 
curves in general have greater curvature in the early, high-stress region, 
lack the sharp knee typical of the S-M curves of ferrous metals, and 
never become horizontal. They continue to descend, although at a 
diminishing rate, as far as they have ever been traced. To allow ' 
reasonable assurance that a nonferrous metal will withstand repetition 
of any given stress cycle—if not indefinitely, at least for a usefully long 
service life—the fatigue test is usually continued for at least fifty million 
cycles, and often for five hundred million cycles or more. The results 
are then often reported in terms of an endurance limit, although the 
slope of the curve is usually appreciable even at five hundred 
million cycles. It is less misleading to report results for nonfcrrous 
metals on the basis of an endurance lifey stating both the number of cycles 
at which the test was ended and the maximum stress withstood for this 
number of cycles (e.g., an endurance life of 500 million cycles at 
12,500 psi). 

Since something like ten million to five hundred million cycles of 
stress must be applied to each of a number of specimens before there is 
reasonable certainty that the metal will “last indefinitely” in service, 
fatigue testing is always done in high-speed machines. Careful experi¬ 
ments have shown that up to at least 7000 to 10 , 000^0 stress cycles per 
minute, and sometimes even more, no appreciable variation in fatigue 
life results from a wide variation in frequency of loading.^^ At still 
higher testing rates, however, both endurance limit and faligue life at 
any given stress above the endurance limit are often found to increase 
significantly. This is probably because, at very high rates of testing, the 
conversion of mechanical energy into heat causes a sufficient tempera¬ 
ture rise in the metal so that strain hardening is eliminated at a sigmficant 
rate by recovery during the test. 

lo-iy* Fatigue Testing Machines 

Fatigue testers of many different types are now available, designed 
to apply either alternating or repeated loads at rates that arc usually 
between a few hundred and about ten thousand cycles per minute. 
These machines differ principally in the method by which the fatigue 

specimen is loaded. 

so See Battellc Staff, op. citr, see also H. C. Carpenter andj. M. Robertson, (>^. ctl. 

3* This is not true of corrosion fatigue, as is brought out below. 
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One of the oldest and most common types of fatigue testers is the 
R. R. Moore rotating-beam testing machine, in which a specimen 
circular in section and slightly reduced in diameter at its center of 
length is gripped at both ends in floating collets which are equally 
loaded by a system of freely hanging dead weights. Under the resulting 
bending load, collets and specimen are rotated at high speed to produce 
in each surface element of the specimen an alternation of longitudinal 
tension—which is maximum when the element is at the lowest point in 
its rotation—with equal longitudinal compression, which is maximum 
at the highest point in its rotation. Maximum stress is developed only 
at the surface of the specimen, and the stress diminishes to zero at its 
center. The stress value reported for the Moore test is the maximum 
tensile stress attained at the surface of the reduced section. For com¬ 
parison with results from other machines, it should be noted that this 
stress represents only half of the stress range of the testing cycle, since 
here stress range is the numerical sum of maximum tension and 
maximum compression, and the two are equal. 

Several other types of machines are available in which a similar 
stress cycle can be obtained by the reversed bending of flat specimens. 
These machines are generally used under loading conditions such that, 
on two opposite surfaces of the specimen, each surface element under¬ 
goes a cycle of alternating and equal tension and compression. However, 
these machines are inherendy more flexible than those of the rotating- 
beam type, and can usually be adjusted to produce repeated tension on 
one side of the specimen and repeated compression on the other, or 
pulsating tension on one side and pulsating compression on the other, 
or altemadng but unequal tension and compression on both sides. 

In rotating-beam and repeated- or reversed-bending tests it is 
unavoidable that the maximum stress is developed at the surface of the 
specimen. Therefore, surface finish is often the most important variable 
encountered, and stress is so much localized that scattering of test results 
is usually very broad. To avoid this, a number of fatigue testers have 
been developed to apply axial loading which is as nearly uniform as 
possible across the entire section of the metal. Loading may be varied to 
develop alternating and equal tension and compression, alternating but 
unequal tension and compression, repeated tension, repeated compres¬ 
sion, pulsating tension, or pulsating compression; and the testers are often 
described graphically as push-pull, pull-pull, pull-no pull, etc., machines. 

Torsion-fatigue testing machines are also in use. They apply either 
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repeated or reversed torsional loading to the specimen, and some have 
been designed to permit the simultaneous imposition of torsion and of 
longitudinal tension or compression. Many other special-purpose fatigue 
testers are occasionally encountered, including a wide variety designed 
for testing full-size automotive parts, e.g., rivets, aircraft propellers, 
and even locomotive axles. 

Any fatigue tester is intended to permit collection of data con¬ 
cerning the inherent fatigue properties of a given material or part. 
The alarming fact is that there is no consistent agreement between the 
fatigue properties determined for the same material on any two of the 
many different types of fatigue testing machines now available. Endur¬ 
ance limit, endurance life, and fatigue life at any given level or range 
of stress are found to vary rather widely with the type of tester used. 
Thus, push-pull testing (axial loads) may give endurance limits as 
much as 30% to 40% lower than those determined in a rotating-beam 
machine,^2 and reversed torsion may indicate an endurance limit 50% 
to 60% lower than that measured in rotating-beam tests. Obviously, 
if agreement among the results obtained by the various standard 
methods of fatigue testing is no better than this, then quantitative 
correlation between the results of any one of them and actual service 
behavior will be purely coincidence. 

For an accurate prediction of service life, the fatigue test must 
exactly duplicate the geometry of the part, its environment, and the 
loading conditions to which it will be subjected. For simple shapes under 
simple loads—e.g., an unlubricated wire stressed in repeated tension in 
a noncorrosive environment—this is sometimes possible. For a complex 
part, such as a crankshaft or transmission gear, even the general pattern 
of service stresses is usually unknown. It can sometimes be determined 
from photoelastic models and by the use of strain gages, etc., on full- 
scale parts under extreme conditions of service. However, this process is 
slow and expensive, and it leaves the difficult problem of building a 
laboratory fatigue tester that can duplicate the complex pattern of 
service stresses, the rate at which they are developed, and the environ¬ 
ment of the working part, and. still allow a testing program to be 
completed within a usefully short period of time. Even when this has 
been done, it is not often possible to predict how often and for how 
many successive cycles dangerous overstressing may occur, what degree 
of damage will result, and to what extent subsequent understressing 

Battelle Staff, op. cit. 
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may repair this damage. Further, harmonic vibrations in an assembly 
of parts and occasional shock loading in service cannot mually be 
provided for in a laboratory test. 

At best, no matter what the testing machine or procedure used, the 
correlation of fatigue-testing data with service experience is poor. At 
worst, the two seem to be totally unrelated. To a considerable extent 
this results from the inability of a laboratory machine to duplicate the 
loading conditions encountered in service. There are, however, at least 
three other major difficulties that contribute to the general uncertainty, 
and these are considered individually in the three sections that follow. 

10-18. Surface Finish 

It is now well known that a rough surface on a specimen may reduce 
its fatigue life by 25% or more, and a shallow tool mark by 10% to 20% 
or more.53 Obviously, for correlation of service behavior with a 
laboratory test, either a working part must be tested in a special 
machine or the surface finish on a smaller, standard test specimen must 
exactly duplicate the seriousness of the notches present on the working 
part. In machining out the small test bar used in most standard fatigue 
machines, the original surface finish on the working part cannot be 
retained and often cannot be duplicated exactly. If it can be duplicated, 
then the influence of the size effect (discussed in the next section) upon 
the seriousness of the existing notches will still be in doubt. As a result, 
duplication of surface conditions is not often attempted. 

Instead, most laboratory fatigue tests arc made on specimens that 
have been carefully polished for reproducibility and to reduce the 
scattering of test results so that a recognizable S-M ZMXvt can be plotted. 
If significant notches appear in their surfaces, they are intentional 
notches, carefully machined to standard dimensions; usually they do 
not even resemble the inadvertent notches in a production part. In 
general, then, there arc fewer and less serious surface defects on a 
laboratory specimen than on a production part, and for this reason 
alone laboratory data usually indicate fatigue properties higher than 
those which will actually be attained in service. 

10-19. Sue Effect 

A further contribution to the differential between laboratory test 
results and service experience results from the size effect, which is 

« MtUls Handbcck, Qcveland, American Society for Metals, 1948 ed. 
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usually pronounced in fatigue loading. The Moore test bar has a 
diameter of only about ^ inch in the region of maximum stress, and 
most other standard fatigue specimens are not much larger than this. 
When heavier specimens are tested, they tend in general to give fatigue 
properties distinctly lower than those determined from the smaller 
ones.54 Thus, in one series of tests on steel specimens, when all other 
conditions were kept constant the endurance limit was reduced about 
20% simply by increasing the specimen diameter from ^ inch to 1 inch.55 
Still larger specimens give still greater reductions in endurance limit, 
and the effect of specimen size is exaggerated when notched fatigue 
specimens are used. 

As a result of the size effect, then, it is impossible to extrapolate 
fatigue data from a small, standard test bar even to a larger bar of the 
same general shape, similarly loaded. When the further complications 
due to the irregular shape and uncertain loading of an operating 
machine part are introduced, the error involved in such an extra¬ 
polation is so great that the result becomes meaningless. Almost the 
only generalization that can be made is that service properties are 
usually far inferior to those that would be predicted from a small-scale 
test. 

An incidental but annoying result of the size effect appears in the 
scattering of the experimental values obtained in a series of fatigue tests. 
No metal is perfectly homogeneous in internal structure or surface 
finish, and occasional relatively minor defects often become very 
important in controlling the fatigue life of the particular specimens in 
which they happen to occur. Therefore, the scattering of test results in 
fatigue testing, where small specimens are the rule, is usually broad, 
and a very large number of specimens must be examined before the 
trend of the S-N curve can be followed with certainty through the 
scatter. In rotating-beam and repeated- or reversed-bending tests, 
where maximum stress is developed only in a thin layer of metal at the 
surface of the specimen, scatter is usually worse than in tests made with 
axial loading, since localization of fatigue stresses is the equivalent of 
using a smaller specimen. 

Paradoxically, the scattering of test results is ordinarily worse in 
metals of high quality, where a serious defect occurs only in an occa¬ 
sional specimen, than in obviously defective metal, where every specimen 

Baucllc Staff, 

55 Metals Handbook, Cleveland, American Society for MeuU, I»4« cd. 
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tested contains a number of defects that are more or less uniformly 
damaging. 

10-20. Corrosion-Fatigue Testing 

Data derived from corrosion-fatigue tests are particularly uncertain, 
because slight variations in concentration, purity, temperature, or 
rate of circulation of the corrosive fluid may greatly alter the rate at 
which it attacks any given material. Further, since the extent of attack 
is a result as much of the exposure period as of the corrosion rate, 
frequency of the testing cycle is an independent variable approximately 
as important as stress level and number of stress repetitions. When the 
testing rate is reduced, a longer period is available for corrosive attack 
during each stress cycle, and fracture occurs after a small number of 
cycles; under corrosive conditions, fatigue life is low when the testing 
rate is low. Therefore, data from fatigue testing at the high rates usually 
used in a laboratory test may be very misleading with regard to the 
effect of a corrosive environment on service behavior in fatigue. 

A major peculiarity of corrosion-fatigue testing is that the S-M 

curves derived even for ferrous metals have no sharp knee and indicate 

no true endurance limit. The S-N curve for any metal is, then, of the 

type illustrated by curve B in Fig. 10-4; and if corrosion is active, the 

slope of the curve is always increased by a reduction in the testing rate, 

which increases the time per cycle available for corrosive attack. Under 

corrosive conditions, no fatigue load is ever too small to cause eventual 

fatigue failure, and statements of an endurance limit in corrosion 

fatigue, which are frequently encountered in fatigue-testing literature, 

are very misleading. If active chemical attack has occurred during the 

test period, such data can represent only an endurance life (of, say, 

ten million cycles at the stress level noted) at some arbitrary rate of 
testing. 

Because so many variables are involved in the rate and extent of 
chemical attack, corrosion-fatigue data originating in different labora¬ 
tories are not often comparable, and at best can serve only as a guide to 
very general trends in the behavior of metals subjected in service to 
simultaneous corrosion and fatigue. Further, corrosion fatigue is often 
encountered in service as a result of atmospheric or condensed moisture, 
corrosive lubricanU, or unexpected contaminants, where the corrosion 
aspect of the service application is unappreciated and, of course, was 
not considered at all in related fatigue tests. 
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10-21. Usefulness of Fatigue Testing 

The above summary of laboratory-scale fatigue testing seems to 
lead toward only one possible conclusion—that it is an expensive waste 
of time. Frequently this is true, and sometimes it is worse even than 
this; the service properties of a metal are usually far below those that 
would be predicted from laboratory fatigue-testing data, and this has 
led to some very serious errors in designing for fatigue service. 

On the other hand, in spite of its deficiencies as a basis for design, 
fatigue testing has an important place in research and development 
applications, chiefly in indicating qualitatively what controllable 
factors improve or reduce fatigue properties and whether specific 
variations in these factors exaggerate or minimize their effects. Thus, if 
a reentrant angle, an oil hole, a specific heat or surface treatment, a 
special alloying addition or surface coating, etc., is found to reduce the 
endurance limit of a small, standard fatigue specimen, then the effects of 
such a factor will probably be still more damaging to the properties of 
a full-scale machine part, and it should be avoided on such a part if 
possible. In this way fatigue-testing data can serve as a valuable 
qualitative guide to material selection and to development of sound 
practices in design and fabrication. 

The one safe basis of design for any specific application in fatigue 
service is operating experience in that application, or its actual equiva¬ 
lent-fatigue testing of full-sized production parts under conditions of 
loading and environment that exactly duplicate those encountered in 
service. In either case reliable fatigue data are expensive, slowly and 
painfully accumulated, and still beset with uncertainties concerning 
the effects of improper lubrication, corrosion, impact and overloading, 
and general mishandling. Therefore the common expedient is still to 
depend upon laboratory fatigue data plus a factor of safety. Scientifically 
this is usually unjustifiable, and unless the factor of safety is very large, 
it is often ako unsafe. However, when operating data are not available, 

there is no alternative. 
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Activation, 28 

set also Activation energia 
Activation energies, 28, 107-110, 294, 295, 
306 

Activity, chemical, 2&-3I, 145, 291 
Activity series, for the metals, 28-30 
for the nonmetals, 30-31 
Adsorption, 125 

Affinity, residual, see Residual affinity 
Alclad aluminum alloys, 395, 397 
Alligator skin, see Orange peel 
Allotriomorphic crystals, 59 
Allotropic transformations, 100 
Allotropy, 100 
Alloys, types of, 144-147 
Aluminum, alloys of, 261 
•nickel alloys, 137-138 
•silicon alloys, 301 
American gage, 257 
Amorphous cement theory, 131, 360 
Amorphous condition, in glasses, 59-60 
in metals, 60, 130-134 
isotropy of, 62 
stability of, 59-60 
Amorphous plasticity, 344 
Angles, inleraxial, 40, 41 
Angstrom unit, 37 

Anisotropy, 62-64, 77, 117-118, 127-130, 
242-243, 273-279. 327, 359 
Annealing, 59, 278. 318, 351 
full. 311-312, 315 
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intermediate, 255, 257, 325-326 
light, 304-305. 314, 318 
self-, 328-329 
stress-relieving, 304-305 
tempering, see Steels, tempering of 
Annealing texture, 318 
Annealing twins, set Twiiu, annealing 
Antimony, 62, 77, 134, 203 
Arsenic, 77, 134, 203 
Aston, 245 
Atomic number, 2-3 
Atomic'weight, 3 
Atomistics, 135 
Atoms, as spheres, 84 
diameter of, 2, 151 

energy of, 26, 56-58, 60, 96-97, 117, 122- 
124, 135 

fundamental state of, 2 


Atoms (conid.) 

magnetic nature of, 176-177 

mobility of, 59 

polarity of, 65-66 

spacing of, see Interatomic spacing 

structure of, 1-24 

thermal vibration of, see Thermal vibra¬ 
tion 

Austenitic steels, see Steels, austenitic, and 
Stainless steeb 

Axes, reference, see Reference axes 

Axial loading, 401 

Axial ratio, 40-41, 89-90, 292 

B. and S. gage, 257 

Band theory of solids, see Energy bands 

Banded structure, 260, 317, 365 

Banding, 260-265 

Barreling, 272 

Barrett. C. S., 233, 238, 241, 272 
Bauschinger effect, 284-286, 304 
Beilby layer, 132-134, 241 
Beryllium, 101 

Biaxial stresses, su Stress, biaxial 
Bumuth, 62, 77, 78, 121, 203 
Boiling, 56, 177 
Boltzmann dulribution, 294 
Bonding forces in crystab, 64-83, 105-107 
154, 331,353, 359 

covalent, 73-79, 79-80, 82-83, 105-106, 
156, 168. 173, 202-203, 211 
ionic, 67-69, 80, 82-83, 156, 160, 168, 
173, 203-204, 211 

metaUic, 80-83, 93, 96-97, 105-106, 155- 
156, 160, 167-168, 203-204, 211 
molecular, 65-67, 77-79 
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Bound energy, 26 

Brasses, 256. 258-259, 310, 321 
leaded, 261, 331 
Muntz metal, 129, 262 

see also Copper-zinc alloys 
Brazing, 317 
Bridgman, P. W., 375 
Brillouin zones, see Energy bands 
Brittle fracture, 185, 186 
su also Fracture 
Bronzes, su Copper-tin alloys 
leaded, 261 

Burgers dislocations, 140 
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Cadmium, 90 
Caldte, 62, 118, 142 
Calcium, 101 

Calcium fluoride, set Fluorite 
Carbides, su Cemented carbides 
Carbon, 74-76, 130 

see also Iron-carbon alloys; Steeb 
Carburization, 125 
Case-core structures, 394 
Cast irons, damping capacity of, 389 
fracture of, 357-358 
gray, 289 

machinability of, 389 
notch-sensitivity of, 378, 389 

see also Iron; Iron-carbon alloys 
Castings, 301, 316, 351 
Catalysb, 125 
Cemented carbides, 190 
Center of dblocation, 139 
Cerium, 101 
Cesium chloride, 70, 71 
Cesium chloride structure, 70, 71 
Characcerbtic radiation, 11 
Chemical activity, see Activity, chemical 
Chromium, 101, 183 
Cleavages, 62 

Close-packed crystal structures, see Crystal 
structures, close-packed 
Close-packed directions, see Directions, close- 
packed 

Close-packed planes, see Planes, close- 
packed 

Coarsening temperature, 302-303 
Coatings, effect on fatigue, 393-3%, 397-398 
Coaxing, 391 
Cobalt, 101 

Coercive force, 182, 290 
Cold flnuhing, 329-330 
Cold pressing, 259, 389-391 
Cold roiling, 274 

Cold working, 308-309, 317, 319-321, 321- 
331 

Compressibility, 57 
Compression tests, 195, 1% 

Compressive stress, su Stress, compressive 
Condensation, 57 

heat of, su Heat of condensation 
Conductivity, thermal, su Thermal conduc¬ 
tivity 

Conductors, electrical, su Electrical conduc- 
ton 

Contraction, thermal, su Thermal contrac¬ 
tion 

Convection, 57, 58 

Coordination number, 76, 84, 86, 92, 93, 
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Copper, bumuth in, 330-331- 
idiomorphic crystals of, 129 
oxygen in, 261 

preferred orienution in, 276, 277 
-tin alloys, 114 
tough-pitch, 261 

-zinc alloys, 114, 129, 158-161, 162, 163, 
189 

su also Brasses;.Bronzes 
Copper oxide, 261 
Cored crystab, su Crystab, cored 
Coring, su Crystab, cored 
Corrosion, 133, 284, 396-398, 405 
Corrosion fatigue, su Fatigue, corrosion 
Cottrell, A. H., 102 
Covalent bonding, 72-79 

su also Bonding forces in crystab 
Cracking, 283, 323-324, 325, 345, 353-359, 
376-377 

energy relations in, 358-359 
fatigue, su Fatigue cracking 
in creep, 360-361 

intergranular, 345, 359-361,376-377,380 
location of, 368-369 
mechanbm of, 354-358, 368-369 
rate of, 353-354, 358 
shear, 355 

tensile, 354, 358, 362-363, 389 
Cracks, 263, 353, 355 
su also Cracking 

Creep, 315, 332, 334-336. 338-352, 380. 
383-384 

compressive, 338-339 
design for, 342,-346-348 
selection of materiab for, 348-352 
stages of, 339-340 
tensile, 340-352 

Creep fractures, su Fractures, creep 
Creep life, 342, 347 
Creep limit, 342, 347 
Creep strength, 341-342, 348 
Creep testing, 348 
Critical range of temperatures, 162 
Critical reduction for recrystallization, 306- 
308, 325 

Critical stress, for cracking, 358-359,370-371 
for slip, 207, 211, 215-223, 370-371 
for twinning, 234-235 
Critical temperatura, 162 
Cross-rolling, 278 
Crushing, 117-118 
Crystal lattices, 60-62 
cubic, body-centered, 63, 64, 93-94 
cubic, face-centered, 63, 64, 69-70, 71, 
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cubic, simple, 63-64, 71 
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Crystal lattices {tontd.) 
definition of, 60-62 
hexagonal, cloae-packed, 84-87 
reference axes for, sa Reference axes 
tetrahedral cubic, 75-76 

st€ also Crystal structures; Crystals 
Crystal structures, 56-99 
alpha-manganese, 94 
beta-manganese, 94, 99 
cesium chloride, 70, 71, 72, 94, 96, 158- 
160 

cloie«packed, 84, 88, 96, 97, 107 
coordination numben of, s€4 Coordina¬ 
tion number 

cubic, body-centered, 9J-94, 97, 99, 163, 
210-211, 234, 243, 276-278, 317 
cubic, complex, 94-95 
cubic, face-centered, 90-93,163-164, 209- 
210, 234, 239, 243, 297 
cubic, simple, 94 
defect, 138 
defuiitions of, 56, 61 
determination of, 88 
diamond, 74-76, 77, 94 
fluorite, 71, 72 
gamma-brass, 94—95, 99 
hexagonal, 41-42, 95 
hexagonal, close-packed, 8^90, 92, 97, 
99, 205-209, 234, 236-237, 242-243, 
269-271,275-277 
hexagonal, simple, 95 
metastable, S€4 Metastable structures 
monoclinic, 95 
orthorhombic, complex, 95 
orthorhombic, face-centered, 95 
orthorhombic, simple, 95 
reference axes for, see Reference axes 
rhombohedral, 41-42, 77, 95, 234 
sodium chloride. 68-71, 72, 96 
tetragonal, body-centered, 95, 112-114 
tetragonal, complex, 95 
tetragonal, face-centered, 95 
tetragonal, simple, 95 
transition, see Transition structures 
unit celU for, 86-87. 88, 91, 92, 93 
see also Crystal lattices; Crystals 
Crystal systems, 35, 41-42, 65 
GrystaUiies, 121 

Cr^taUization in service, 382, 385 
Grystallc^raphic fibering, see Pteferred orien¬ 
tation 

Crystals, anisotropy of, see Anisotropy 
bonding forces in, 64-83, 96-99, 105-107 
boundaries of, su Grain boundaries 
changes in shape from deformation, 258- 
260 


Crystals (conid,) 

classification of, 64-65 
cored, 262-263 
definitions of, 32, 58 
dendritic, 119-121 
equiaxed, 121, 317 

growth of. 119-123, 295-303, 310-311, 
318, 332 

idiomorphic, 119, 120, 127-129, 300 

imperfections in, 115-166, 359 

ionic, 65, 67-73, 79, 355 

metallic, 32. 65, 79-99, 106-107, 356 

molecular, 65-67, 79 

rotation of, 267-268, 269-272, 274 

single, 62-63, 127, 207-209, 255, 300, 355 

sizes of, 121 

skeleton, 119, 121. 143-144 
symmetry of, 58-59, 64—65 
valence, 65. 73-77, 79-80, 105-106, 355 
valence-molecular, 65, 66, 77-79 

see <Uso Crystal lattices; Crystal struc¬ 
tures; Grain size 
Crystallographic notation, 38-55 
Crystallography, 32-55 
Cubic crystal lattices, see Crystal lattices, 
cubic 

Cubic crystal structures, see Crystal struc¬ 
tures, cubic 

Cubic space lattices, see Space lattices, cubic 
Cup^one fractures, 356-357, 361-362 
Curie temperature, 181, 182 
Curve of dislocation, 140, 223 

Damping, 287-269 

Damping capacity, 288-269, 389 

Darwin, 142 

Dead soft condition, 257, 299 
Decarburization, 395 
Deep drawing, 256-257, 259, 274, 329 
Defrct lattica, 137-138 
Deformation of metals, 164-246 
effect on fracture, 371-372, 380-381 
effects of, 249-292 

elastic, 115-116, 175, 166-190, 191-192, 
196-198, 199-200 
force requirement for, 331-333 
influence of alloying additions, 246-246 
permanent, 186, 187, 191-193, 196-197, 
198-240, 249-292 
power requirements for, 324-325 

see also Cold working, Hot working, 
Pressing, Viscous flow, etc. 
Deformation bands, 266-269, 271-272, 303, 
317 

Degeneracy of energy leveb, su Energy 
Icvcb, degeneracy of 
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Degenerate systems, 10 
Density, 291-292 
Detail fracture, su Fatigue failure 
Devitrification, 59-60 
Diamagnetism, 176-177, 178 
Diamond crystal structure, see Crystal struc¬ 
ture, diamond 
Diamonds, 142, 171, 178 
Diffusion, 57, 125, 136-137, 293-295, 297- 
298, 332, 343-345, 346-347, 349, 361, 
380, 383 

see also Self-diffusion 
Diffusion coefficient, 294—295 
Directions, close-packed, 88-89, 92, 93, 
205, 206, 210 
families of, 49-50 

indices of, see Miller indices; Miller- 
Bravais indices 
of slip, su Slip directions 
Dirty steel, 263 

Dislocation lattices, 229-232, 272 
Dislocations, 138-141, 217-223, 226-232, 
235, 247 

Dbordering, thermal, see Thermal disorder- 
ing 

Domains, magnetic, 179-180 
Drawing, see Steeb, tempering of; Wire¬ 
drawing 

Ductility, 253-255 
Duplex slip, 276-278 

Earing. 277-278 
Edge dblocations, 140 
Eight minus ^rule, 76-79, 90 
Elastic aftereffect, 286-287 
Elastic deformation, see Deformation, elastic 
Elastic limit, 186, 191-192, 193, 227, 255, 
285 

Elastic modulus, 62, 188-190, 191, 253, 292, 
336 

Elastic vibrations, 288-289 
Electrical conductivity, 167 
Electrical conductors, 167, 170-171 
Electrical current, 167 
Electrical insulators, 167, 171, 172, 176 
Electrical properties of metab, 167-176, 290 
Electrical resbtance, 173-176 
Electrical resbtiviiy, 62, 290 
Electrodeposition, 60, 101 
Electrolytic polbhing, 133-134, 240 
Electromotive force series (EMF series), 
su Activity series 

Electron cloud, 82, 106, 155-157, 167-168 
Electron concentration, 98-99, 156-157 
Electron gas, su Electron cloud 
Electron microscope, 142, 218-214 


Electronegative elements, 14, 30-31, 71-72 
79, 145 

Electronic specific heat, 104 
Electrons, 1-6 

concentration of, 83, 159-160 
diameter of, 2, 4 
dbtribution of, 82, 83 
electrostatic charge of, 2, 4 
energy leveb of, su Energy leveb within 
the atom 
energy of, 6-10 

excitation of, 8-9, 11, 104, 168-173, 177 
magnetic nature of, 5, 176-177 
mass of, 3, 4 
motions of, 5 

orbiu of, 2, 5-6, 7-10, 81-82 
shelb of. 8, 11-15 
spin of, 5, 177-178, 179-180 
valence, 13 

wave properties of, 3-4, 6-7 

see also Electron concentration 
Electroplating, su Electrodeposition 
Electropositive elements, 15, 28-29, 71-72, 
79, 145 

Emission spectra, 11 
Endurance life, 400, 405 
Endurance limit, 391, 399, 405 
Energy bands, 81-82, 156-157, 169-173 
Energy content, su Heat content 
Energy-level diagrams, 7-10 
Energy leveb within the atom, 6-12, 67, 
81-82, 168 
degeneracy of, 10-11 
designation of, 8, 9-10, 22 
shifting of. 12, 13, 81 
Energy of activation, su Activation energy 
of cracking, 358-359 
of crushing, 117-118 
ofdbtortion, 115-116 
Energy spectrum, 170, 171 
Energy stored by deformation, 281, 291, 
298-299, 396 
Entropy, 26, 105 
Equicohesive temperature, 360 
Etch pits, 130 

Etching, 123, 130, 133-134, 237, 241, 267- 
268 

Exchange forces, 179 
ExciUtion, su Electrons, exciution of 
Exclusion principle, 5-6, 81, 108, 168, 176 
Expansion, thermal, su Thermal expansion 
Explosive antimony, 134 

Face-centered cubic, su Crystal lattices; 
Crystal structures; Space lattices, face- 
centered cubic 
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Families of directions and of planes, S€4 
Directions; Planes, families of 
Fatigue, corrosion, 396-398, 400, 405 
static, 363, 386 

Fatigue cracking, 384, 385-397 
Fatigue failure, 381-406 
de6nition of, 382 
effect of coatings, 393-396 
fracture surfaces produced by, 384—385 
loading for, 382, 385-387, 401-403 
prevalence of, 381 
prevention of, 387-398 
Fatigue life, 190, 390, 399 
Fatigue testing, 398-406 
Fatigue-testing machines, 400-401 
Ferrite, 262 
Ferrite bands, 262 
Ferritic steeb, 350 

Ferromagnetbm, 99, 179-181, 182 183 

Fibering, fti Banding; Preferred orientation 

Finbh, surfaec, 329, ^1,403 

Pinbhing temperature, 326-327 

Fluids, rre Gases; Liquids 

Flow lines, 260-265 

Fluorite, 71 

Fluorite structure, 71 

Forging, 337-338 

Forming roll, 325 

Fracture, 185. 186, 199, 201-202, 203, 251, 
263-264, 283, 339, 340, 345, 353-406 
compressive, 357-358 
creep, 357, 369, 383-384. 386 
effect of alloying on, 380 
energy relations in, 358-359 
fatigue, su Fatigue failure 
intergranular, 345,357-358, 360, 361,369, 
379 

nature of, 353 

shear, 355-358, 362, 364, 370, 379 
tensUe, 358, 362, 363, 369-370 
iranscrystalline, 360, 361, 369-370, 379, 

384 

Fracture grain size, 370 

Fracture planes, 359, 370 

Fracture surfaces, 356, 369-370, 382, 384- 

385 

Frank*Read dblocation generators, 223 
Free energy, 25-28, 28-29, 67, 102-105, 
108-112, 296-297 

se€ also Surface energy; Grain boun* 
daries 

Free surfaces, set Surfaces, free 
Freezing, 119-123, 133 
Fulbbard condition, 258 
Fully •annealed condition, 257 
Fundamental state of atoms, 2 


Galena, 62, 118 
Galling of metal turlaces, 125 
Gases, set Vapors 
Germanium, 76, 176 
Ghosts, Sit Ferrite bands 
Glasses, 59,60, 178, 363, 378 
Glassy solids, set Vitreous solids 
Gliding, set Slip 
Gradients, grain-size, 313-314 
strain, 313-314 
thermal, 283, 316-317 
Grain boundaries. 118, 12I-I24, I2S-127, 
175, 272, 310, 384, 
cracking at, 359-361 
diffusion through, 295 
energy of, 122-124, 126 
influence on creep, 344-348 
influence on slip, 243-246 
migration of, 125-127 
nature of. 122-123, 131-132 
vacancies in, 136 
width of, 123 

Grain-boundary creep, 344—345, 348 
Grain growth, 125-127, 128 

Sit also Crystab, growth of 
Grain size, effect on creep, 346, 347, 351— 
352 

effect on grain growth, 296, 297, 298, 310 
effect on mechanical properties, 246, 324 
effect on physical properties, 246 
effect on slip, 245-246 
effect on strain hardening, 246, 255 
equilibrium, 300 
from recrystalUzation, 311-318 
measurement of, 244, 266, 370 
uniformity of, 330 
Grains, stt Crystab 
Graphite, 62, 130, 378 
Grinding, 388-389, 391, 394 
Grinding cracks, 394 
Grit blasting, 390, 395 

Hairline cracks, 263 
Half*hard condition, 258 
Hagg, 152 
Halogens, 78 

Hammer forging, 337-338 
Hardness, 255 
Harmonic vibrations, 393 
Heat, of condensation, 57 
of freezing, 57, 58 
of reaction, 291 
of sublimation, 97 
of transformation, 105 
Heat content, 25 

Heidcnreich, R. D., 213-214, 244, 267 
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Heterogeneous alloys, 125, 146-147, 247- 
248, 315-316, 357-358, 372, 377-378, 
380 

Heusler alloys, 163 

Hexagonal crystal lattices, crystal structures, 
and space lattices, see Crystal lattices; 
Crystal structures; Space lattices, 
hexagonal 

Heyn stresses, see Macrostresses 
Homogeneous alloys, 124, 146 
Homogeneous shear,Shear, homogeneous 
Homopolar bond, set Covalent bond 
Honing, 388 

Hooke’s law, 187-188. 192 
Hot pressing. 337-338 
Hot shortness, 330-331, 359 
Hot working, 322-328 
Hume-Rothery, W., 154 
Hydrogen, in palladium, 151-152 
reactions of, 13-14 
Hydrogen embrittlement, 379 
Hydrostatic compression, 375-376 
Hydrostatic tension, 374 
Hysteresis, elastic, su Elastic aftereffect 
electrical, 181,279 
thermal, 105, 107-110, 162-163 
Hysteresis loop, 287, 288 

Idiomorphic crystals, set Crystals, idiomor* 
phic 

Impact, 358 

Inclusions, 260-265, 359, 364 
Indices, set Miller indices; Miller-Bravais 
indices 

Induction heating, 317 
Inert gases, 13, 66 
Ingotism, 324 

Inherent fracture strength, 359, 370-371 
Instantaneous strain, 194 
Instantaneous stress, 193-197 
Insulators, electrical, see Electrical insula¬ 
tors 

Interatomic spacing, 57, 107-109 
Intcraxial angles, see Angles, interaxial 
Intercepts, 43 

Intcrcrystalline, su Intergranular 
Intergranular corrosion, 123 
Intergranular cracking, su Cracking, inter¬ 
granular 

Intergranular films, 301-303, 330-331, 357- 
358, 359, 380 

Intergranular fracture, su Fracture, inter¬ 
granular 

Intergranular melting, 330-331 
Intermediate armeal, su Annealing, inter¬ 
mediate 


Intermetallic compounds, 71-73, 83, 93, 94 
145, 147, 153, 164-165, 211,246,261’ 
324 

Interplanar distances, su Planes, crystallo¬ 
graphic, spacing of 
Interstitial compounds, 153 
Interstitial solid solutions, su Solid solutions, 
interstitial 
Iodine, 78, 298 
Ionic bond, 67-69 

su also Bonding, ionic 
Ionic compounds, 71-73 
Ionic crystals, su Crystals, ionic 
Ionization, 83 
Ions, 67-71 

Iron, -carbon alloys, 102, 112-114, 151, 
350 

dendrites, 120 
elastic limit of, 192 
-manganese alloys, 331 
polymorphic forms of, 101, 102, 103-104, 
112 

single crystak of, 62 
slip in, 210 
-sulfur alloys, 331 
twinning of, 234, 238, 239 

su also Cast iron. Steel, Stainless 
steel. Wrought iron 
Iron oxide, 329 
Iron sulfide, 331 
Isotopes, 2, 3 

Isotropy, 62, 118, 127-129, 273 

Lag, thermal, su Hysteresis, thermal 
Lanthanum, 101 
Lapping, 388 

Latent heat of fusion, see Heat of freezing 
Latent heat of vaporization, su Heat of 
condensation 

Lattice constants, su Lattice parameten 
Lattice parameten, 36-37, 40, 41, 89, 292 
Lattice vacancies, see Vacant lattice points 
Lattices, see Crystal lattices; Dislocation 
lattices; Space lattices. 

Law of rational indices, 43-44 
Leaded brasses, 261, 331 
Leaded bronzes, 261 
Line lattices, 34 
Lineage structure, 143-144 
Liquid drops, 118 
Liquids, ionic, 68 
metallic, 57-58, 62, 118 
Lithium, 101 
Loading, axial, 401 
duration of, 333-339 
rate of, 333-338 
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Locked-up stresses, sm Stress, residual 
Long-range order, 161 

Machinability, 128, 290-291, 329 
Macrcscopic residual stresses, 282-284 
Macrostresses, 282-284 
Magnesium, 62 

preferred orientation in, 275, 277 
slip in, 209, 323-324 

Magnetic, domains, sa Domains, magnetic 
hysteresis, 290 
materials, 181-183 
permeability, 290 
susceptibility, 290 
Magnetically hard materials, 182 
Magnetically soft materials, 181 
Magnetism, 176-183, 290 
remanent, 290 

Magnetization, saturation, 99, 180, 161, 
290 

Manganese, 101, 183 
in steel, 331 

Manganese sulfide, 261, 331 
Martensite, 112-114 

Maxwell-Boltzmann probability formula, 
293-295 

Mechanical damping, su Damping 
Mechsmical properties, 184 
Mechanical twins, se4 Twins, mechanical 
Mechanical working, su Cold working; Hot 
working; Pressing, etc. 

Mendeleev, 24 

Melting, 56. 68, 74, 103. 106-107, 124, 
132-133, 165, 177 

Melting points, 77, 79, 291, 309-310 
Metallic crystals, sti Crystals, metallic 
Metallic inclusions, su Inclusions 
Metastablc structures, 111—114 
Mica, 62, 118, 130, 171, 178 
Microscopic residual stresses, su Micro- 
stresses 

Microstresses, 282, 284-287 
Migration, of grain boundaries, 125-126 
of lattice vacancies, 136-137 
Miller indices, of direction, 47-51, 53-55 
of planes, 43-47, 52-53, 55 
Miller-Bravais indices, of direction, 53-55 
of planes, 51-53, 55 
Minerals, 58-59, 62, 115, 117-118, 142 
Minimum recrystaliization temperature, 
308-310, 315 
Molecular bonding, 66 

su also Bonding, moleoiiar 
Molecular crystals, su Crystals, molecular 
Monatomic gases, 57 


Monodinic crystal lattices, crystal struc¬ 
tures, and space lattices, set Crystal 
lattices. Crystal structures, and Space 
lattices, moooclinic 
Moore, R. R., testing machine, 401 
Mosaic structure, 141-143, 224-226, 231- 
232 

Muntz metal, 129 

Negative dislocations, 140,218,219, 22&-230 
Neumann bands, 236 
Neutrons, 2 
Nickel, 102, 121 

-aluminum alloys, 137 
Nitrided steeb, 393 
Nominal stress, 191 
su also Stress 
Nominal strain, 191 
su also Strain 

Nonmetallic inclusions, su Inclusions 
Nonmetab, 73 

Notation, crystallographic, 38-55 
Notch effect, 363-365, 366-367, 368-369, 
377-379, 380-381, 382-384, 385, 386, 
387-388, 390 

Notch sensitivity, 366-367, 377-379, 389, 
390, 392, 393-396 
Notches, mechanical, 364, 387-388 
metallographic, 364, 388 
Nucleation of crystaU, 58, 119, 306-310, 
312, 318-321 
Nucleus of the atom, 1-3 

Octet theory of vadence, su Valence, octet 
theory of 

Ofbet at yield strength, 193 
Orange peel, 265-266 
Orbits, su Electrons, orbits of 
energy of, 6 

Ordering of solid solutions, su Solid solu- 
tions, ordered 

Orthorhombic crystal lattices, crystal stnic** 
tures, space lattices, su Crystal lattices ; 
Crystal structures; Space lattices, 
orthorhombic 
Overstressing, 392-393 
Oxidation, 125, 329, 397 
Oxidation-reduction reactions, 67 
Oxygen cutting, 317 

Palladium-hydrogeo alloys, 151-152 
Paramagnetism, 177-179, 160-181 
Parameter, lattice, su Lattice parameter 
Partial dislocations, 140-141 
Paulies principle, su Exclusion principle 



Index 


414 

Pccning, 315, 389-391 

su also Shot peening 
Periodic table, 15-24 
Permanent deformation, see Deformation, 
permanent 

Permanent magnets, 182-183 
Permanent set, 190 

Permeable materiab, 181-183, 278, 279 
Photoconductors, 172 
Plane lattices, su Space lattices 
Planes, crystallographic, close-packed, 63- 
64, 88-89, 92, 93, 117-118, 206, 210 
families of, 47 
sets of, 45—47 
spacing of, 63-64 
strong, 63-64, 204-205 
Planes of dislocation, 139 
Planes of fracture, see Fracture planes 
Planes of slip, su Slip planes 
Plastic deformation, su Deformation, perma¬ 
nent 

Plasticity, 184-186, 323 
Plastics, 257 

Polar bond, see Ionic bond 

Folarity of atonu and molecules, 65-66 

Polishing, 240, 388-389 

see also Electrolytic polishing 
Polyaxial stresses, su Stresses, polyaxiai 
Polycrystalline aggregates, 122, 242-246, 
255 

Polymerization, 177 
Polymorphic fornu, 100 

see also Polymorphism 
Polymorphic transformations, 100-114, 124, 
177, 189-190, 238, 318, 332, 349 
Polymorphism, 89, 100-114 
Positive dislocations, 140, 218, 219, 227-230 
Praseodymium, 101 
Precipitation hardening, 114, 343 
Preferred orientation, 183, 273-280, .318- 
321, 327, 356 

Pressing, see Cold pressing; Hot pressing 
Primitive translation, 36 
Probability formula, 293-295 
Proportional limit, 191-193, 253-255 

Quantum numbers, 8, 9 
Quarter-hard condition, 257-258 
Qpartz, 142, 171, 178 

Radioactive elements, 24 
Ratio, axial, see Axial ratio 
Rational indices, law of, 43-44 
Read, W. T.,Jr., 227 

Recovery, 291, 308-305, 322-324, 332, 345- 
347, 348, 351,383 


Recrystallization, 291, 305-321, 322-328 
332, 383 

Recrystallizatfcn temperatures, 308-310 
326-328, 348, 349 
Reference axes, 35, 39-41, 41-42 
Relative valence effect, 15^156 
Residual affinity, 117, 119, 124-125 
Residual strain, 261 
Residual stress, see Stress, residual 
Resilience, 116 
Resoftening, su Recovery 
Resolution of forces, 201-202, 373 
Resonant vibratioiu, 393 
Rhodium, lOI 

Rhombohedral crystal lattices, crystal 
structures, space lattices, su Crystal 
lattices; Crystal structures; Space 
lattices, rhombohedral 
Rigidity, su Stiffness 

Rimmed steel, rimming steel, su Steel, 
rimmed 

Rittinger’s law, 117-118 

Rotation of crystals, su Crystals, rotation of 

Rubber, 188 

i'-TV curves, 399, 404, 405 
Sand blasting, 390, 395 
Saturation magnetization, su Magnetiza¬ 
tion, saturation 
Scale, 329 
Scandium, 101 
Screw dislocations, 140-141 
Second law of thermodynamics, 27, 116 
Segregation, 260, 324 
Seitz, F., 217 

Seizure, of metal surfaces, 125 
of slip planes, 223-224, 230 
Selenium, 77, 78, 101, 203 
Self-annealing, 328-329 
Self-diffusion, 62, 124, 293, 303 
Semiconductors, 172, 175-176 
Sensible heat, 26 

Sets of directions, see Directioru, sets of 
Sets of Planes, su Planes, sets of 
Shear, 199 

homogeneous, 233-234 
Shear cracks, 355 
Shear fractures, 355-358 
Shearing stress, su Stress, shearing 
Shelb of electrons, su Electrons, shells of 
Short-range order, 161-162 
Shot peening, 282-283, 390 
Silicon, 76, 211 
Silver ^loridc, 204 
Single crystals, su Crystals, single 
Size effect, 36^367, 403-405 
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Size factor, 152, 154 

Skeleton crystals, skeleton dendriica, su 
Crystals, skeleton 

Slag inclusions in wrought iron, 260-261, 
378 
Slags, 59 

Slip, 199-201, 202-230, 344-348, 356, 358 
cessation of, 223-224 
critical stress for, 207, 215-223 
dislocation theory of, 217-221 
duplex, 277-278 

effect of alloying additions on, 246-248 
effect of type of bond on, 202-204 
effect on fracture, 370-372, 378-379, 380- 
381 

loading required for, 199-201 
mechanism of, 215-223, 242-243 
nonuniform, 265-266, 267 
origin of, 221-223 

Slip bands, 212-214, 231, 240-242, 244, 
265-266. 267, 344-347, 383, 386 
Slip directions, 204-207 
Slip*interfcrence theories, 224-226 
Slip planes, 200, 204-207 
Slip systems, 207, 209, 323-324, 33| 

Slipless flow, 344, 346-348 
Sodium chloride, 68-71 
Sodium chloride structure, 68-71 
Soldering, 317 
Solders, 125 
Solid solutions, 145-166 
creep of, 34^350 

cry^allographic nature of, 147-149 
interstitial, 151-153, 165-166 
nature of, 145-146 
ordered, 158-166, 175 
slip in, 246-247 
strain hardening of, 255 
substitutional, 154-165 
Solidification, su Freezing 
Solubility limits, determination of, 147-151 
Solutions, solid, su Solid solutions 
Space lattices, 33-38 
base^centered, 36-36 
body centered, 36 
cubic, body^centcred, 35, 93 
cubic, face-centered, 35, 38, 92 
cubic, simple, 33-34, 35, 36, 37 
defect, 137-138 
definition of, 33, 61 
iacc^centcred, 36 
hexagonal, simple, 35, 86 
monoclinic, base*centered, 35 
monoclinic, simple, 35 
orthorhombic, basc^entered, 35 
orthorhombic, body<entered, 35 


Space lattices {contd.) 

orthorhombic, face-centered, 35 
orthorhombic, simple, 35 
plane, 34 

reference axes for, se^ Reference axes 
rhombohedral, simple, 35 
tetragonal, base-centered, 37-38 
tetragonal, body-centered, 35, 37-38 
tetragonal, face-centered, 37-38 
tetragonal, simple, 35, 38 
triclinir, simple, 35 
unit cell of. 34-37, 39, 86-87 
Spacing, interatomic, stt Interatomic spacing 
Specific heat, 102, 104-105, 106, 292 
Spectra, emission, 11 
X-ray, 11 

Spheroidizing, 127-129 

Spin of the electron, su Electrons, sym of 

Spin transition. 177 

Spontaneous changes, 26-28 

Spring temper, 258 

Springback, 197-198, 200 

Springback allowance, 198 

Springs, 116 

Stainless irons, 350 

Stainless steels, 255-256, 350 

Static fatigue, 363, 366 

Steels, austenitic, 350 

case-core structures in, 394 
coarsening temperatures of, 302-303 
cracking of, 355, 364 
decarburized, 395 
dirty, 263 

elastic modulus of, 189-190 
fatigue life of, 190 
ferrite bands in, 262 
ferritic, 350 

finishing temperatures for, 332 
forging of, 332 
hardening of, 113-114 
heat treatment of, 355 
hydrogen in, 379 
iron sulfide in, 331 
killed, 302 

manganese sulfide in. 261, 331 
nicrided, 393-394 

notch sensitivity of, 378, 379, 386-381 
polymorphic transformations in, 102, 112- 
114, 332, 349 

recrystalliaation of, 3i5-316 
rimmed, rimming, 395 
spheroidizing of, 127-128 
strain aging of, 343 
strength of, 125 
sulfur in, 331 
tempering of, 113, 381 
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Steels {conid.) 

set also Iron; Iron-carbon alloys; 

Stainless irons; Stainless steels 
Stiffness. 188-190 
Stirring, 57 
Strain, 116, 186 
elastic, see Deformation, elastic 
instantaneous, 194 
residual, 186, 281 
Strain aging, 334, 343 
Strain gradient, su Gradient, strain 
Strain hardening, 224-230, 249-258, 295, 
305, 313-314, 322, 329-330, 334-335. 
346, 347, 351, 375, 383-384, 386-387, 
390, 392 

dislocation theory of, 226-230, 247 
from preferred orientation, 280 
industrial importance of, 255-258 
rate of, 249-251, 375 
slip-interference theories of, 224-226 
Strain markings, set Deformation bands 
Stress, 116, 187, 188-189, 191, 193-194, 
196-197 

alternating, 386-387, 401-402 
biaxial, 372-375 
compressive, 199, 354, 386-387 
concentration of, 361-365 
instantaneous, 193-197 
nominal, 191, 193-194 
polyaxial, 210, 372-377 
range of, 401 

residual, 281-287, 351, 367-368, 380-381, 
389-391, 393-394 
shearing, 199-202, 354, 387 
tensile, 199, 354, 385-386 
triaxial, 210, 374-377 
Stress-strain curves, 191-196, 333-334 
Structure-insensitive properties, 291-292 
Structure-sensitive properties, 289-291 
Sublimation, 135 

heat of, see Heat of sublimation 
Substitutional solid solutions, see Solid solu¬ 
tions, substitutional 

Sulphur, in iron, see Iron-sulfur alloys; Steel, 
sulfur in 

Superconductors, 174 
Supercooling, su Undercooling 
Superheating, 105, 109-110 

su also Hysteresis, thermal 
Superlattices, 158 
Superstructures, 156 
Surface energy, 117-118, 119, 358-359 
Surface hnish, su Finish 
Surface rolling, 315, 389-391 
Surface tension, 118 
Surfaces, free, 116-118, 132-134 


Taylor, 143, 243 
Taylor dislocations, 140 
Tellurium, 62, 77, 78, 211 
Temper, 257-258 
Tempering, su Steel, tempering of 
Tensile strength, 186, 191, 195, 253-255 
337 

Tensile testing, 336-337, 347, 356-357, 361- 
363, 376 

Tension, see Stress, tensile 
Tetragonal crystal lattices, crystal struc¬ 
tures, space lattices, see Crysul lattices; 
Crystal structures; Space lattices, 
tetragonal 

Textures, annealing, 318 
Thallium, 101 
Thermal, conductivity, 290 
contraction, 57-58, 329 
dbordering, 161-162, 165 
excitation, 172 
expansion, 56, 136, 292 
flow. 344 

gradients, see Gradients, thermal 
hysteresis, su Hysteresis, thermal 
vibration, 56, 57, 58, 60 
Thermodynamics, 25-28, 118, 135, 296- 
297 

Thorium oxide, 302 
Tin, 76, 101, 105-106, HO, 124, 203 
slip in, 211 
Tin cry, 235 
Tin pest, 101, 110 
Titanium, 101, 107, 114 
Toughness, 184-186, 199 
Transformatioas, see Allotropy; Heat of 
transformation; Polymorphbm; Poly¬ 
morphic transformations 
Transition elements, 23-24, 24-25, 99, 154 
Transition structures, 110-114 
Translation, primitive, 36 
Triaxial stresses, su Stress, triaxial 
Triclinic crystal lattices, crystal structures, 
space lattices, see Crystal lattices; 
Crystal structures; Space lattices, 
triclinic 

True stress, su Stress, instantaneous 
Tuned vibrations, 393 
Tungsten, 101,225, 302, 323 
slip m, 210 
wire, 352 

Tungsten carbide, 324 
Twin boundaries, 237-238 
Twinning, 232-237, 245, 347 
axb of, 233 

mechanbm of, 232-235 
plane of, 233 
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Twins, annealing. 234, 238, 239, 317, 321 
mechanical, 232-242, 317 

Ultimate tensile strength, su Tensile 
strength 

Uncertainty principle, 3—4 
Undercooling, 59. 60, 105, 109-113. 162- 
163 

S€t also Hysteresis, thermal 
Understressing, 391-392 
Unit cells, su Crystal lattices; Crystal 
structures; and Space lattices, unit 
cells of 

Vacancies, migration of, 136-137 
Vacant lattice points, 134-138 
Valence, multiple, 24-25, 28 
octet theory of, 13-15, 74-79 
of the elements, 13-15, 291 
Valence crystab, set Crystab, valence 
Valence electrons, su Electrons, valence 
Valence^molecular crystab, su Crystab, 
valence*molecular 
Van der Waab forces, 66 
Vapor pressure, 135 
Vapors, metallic, 56-57, 58, 62 
monatomic, 57 
Vibrational specific heat, 104 
Vibrations, elastic, 286-289, 393 
harmonic, 393 


Vibrations (centd.) 
resonant, 393 
tuned, 393 
Viscosity, 58 

Viscous fiow. 340, 344-348, 360-361, 364, 
383-384, 386 
Vitreous solids, 59-60 

su also Amorphous materiab; Glasses 
Voids, 262-263 
Warts on tin, 101 
Wave mechanics, 4, 96-97 
Wear, mechanism of, 125, 133 
Welding, 316-317, 374, 375 
Wire drawing, 257, 274 
Work hardening, su Strain hardening 
Wrought iron, 260-261, 378 

X-ray diffraction, 89, 142, 147-151, 158, 
224-225, 279. 292 
X-ray spectra, 11 
Xenomorphic crystab, 59 

Yield point, 193, 285 
Yield strength, 62, 193, 255 
Youngb modulus, set Elastic modulus 

Zinc, 90 

fracture of, 207-209 
slip in, 207-209 
Zirconium, 101, 107 
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